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Kurzfassung 
Biotechnologische Prozesse sind umweltfreundlich, haben im Vergleich zu konventionellen 
chemischen Verfahren gewöhnlich einen geringeren Ressourcen- und Energieverbrauch und 
sind deshalb wirtschaftlich realisierbar. So sind sie zunehmend von Bedeutung für die 
Herstellung industriell relevanter Produkte. Besonders die Produktion von Proteinen und 
Enzymen spielt eine wichtige Rolle, da diese vielfältige Anwendungsmöglichkeiten in der 
pharmazeutischen, Lebensmittel- und chemischen Industrie sowie der Medizin aufweisen.  
In Wissenschaft und Industrie wird häufig das Bakterium Escherichia coli für die 
biotechnologische Produktion rekombinanter Proteine eingesetzt, da es zum einen 
molekulargenetisch sehr gut charakterisiert ist und zum anderen eine Vielzahl an 
Expressionsvektoren und Wirtsstämmen zur Verfügung steht. Aufgrund der enormen 
Diversität der genetisch modifizierten Wirtsstämme ist die Auswahl eines geeigneten 
Stammes für die biotechnologische Produktion eines gewünschten rekombinanten Proteins 
jedoch häufig mühsam und zeitaufwendig.  
Ein wichtiger Aspekt bei der rekombinanten Proteinproduktion ist die sogenannte ‘metabolic 
burden’. Metabolic burden bezeichnet eine Belastung des mikrobiellen Stoffwechsels, die 
dadurch entsteht, dass Ressourcen und Energie, die dem Bakterium normalerweise für seinen 
eigenen Metabolismus zur Verfügung stehen, durch Plasmidreplikation, heterologe 
Genexpression und rekombinante Proteinproduktion entzogen werden. Dieser Material- und 
Energieentzug beeinträchtigt die Biomasseproduktion und Atmung des Wirtsorganismus. Das 
Vorkommen seltener Codons im heterologen Gen kann zu einer weiteren Beeinträchtigung 
der Proteinproduktion beitragen.  
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Das übergeordnete Ziel dieser Arbeit war die Charakterisierung der rekombinanten 
Proteinproduktion in Escherichia coli und deren Einfluss auf die Stoffwechselaktivität des 
Wirtsorganismus. Dazu wurde zunächst ein einfacher Ansatz zur systematischen 
Charakterisierung industriell relevanter und der Identifizierung gut geeigneter T7-basierter 
E. coli Wirtsstämme für die rekombinante Proteinproduktion untersucht. Dabei wurde 
evaluiert, ob und inwieweit die Online-Messung der Atmungsaktivität zur Auswahl 
geeigneter Expressionsstämme geeignet ist. Die Sauerstofftransferrate (Oxygen Transfer Rate, 
OTR) wurde dabei mit Hilfe der RAMOS-Anlage (Respiration Activity MOnitoring System, 
RAMOS) bestimmt, um die metabolische Belastung des Wirts während der Produktion 
plasmidkodierter Proteine nachzuweisen. Sieben allgemein bekannte und häufig verwendete 
T7-basierte E. coli Wirtsstämme, welche die Gene für zwei rekombinante Proteine, eine 
Lipase des mesophilen Bakteriums Bacillus subtilis (BSLA) oder eine Oxidoreduktase des 
thermophilen Bakteriums Thermus thermophilus exprimieren, wurden während der 
Kultivierung unter nicht induzierenden und induzierenden Bedingungen verglichen. 
Zur weiteren Charakterisierung der rekombinanten Proteinproduktion in E. coli wurde der 
Einfluss kleiner Unterschiede in der heterologen lipA Gensequenz, welche für die BSLA 
codiert, auf die Stoffwechselaktivität des Wirtsorganismus untersucht. Dazu wurden solche 
E. coli BL21(DE3) Klone hinsichtlich ihrer metabolischen Aktivität analysiert, die kleine 
Unterschiede in der lipA Gensequenz tragen, die entweder zu einzelnen Codonaustauschen im 
Gen oder zu einzelnen Aminosäureaustauschen im Protein führen. Die Aminosäureaustausche 
waren dabei zufällig gewählt und über die gesamte Proteinsequenz der BSLA verteilt. Stille 
Mutationen innerhalb der für die BSLA kodierenden Sequenz wurden eingeführt, um an zwei 
zufällig definierten Positionen alle möglichen synonymen Arginin- und Leucincodons zu 
analysieren. Ferner wurden Klone untersucht, die identische Aminosäureaustausche unter 
Verwendung verschiedener synonymer Codons tragen.  
Die entsprechenden E. coli Klone wurden mit Hilfe spezialisierter Online- und Offline-
Messtechniken während der Kultivierung in einem definierten Autoinduktionsmedium 
verglichen. Die RAMOS-Anlage wurde verwendet, um den metabolischen Zustand des 
rekombinanten Organismus quantitativ zu analysieren. Weiterhin wurden die Biomasse- und 
Proteinproduktion mit Hilfe des BioLector Systems bestimmt. Weitere 
Kultivierungsparameter, wie zum Beispiel die Verstoffwechslung der Kohlenstoffquellen oder 
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die Plasmidkopienzahl wurden evaluiert, um die zugrundeliegenden molekularen 
Mechanismen näher zu analysieren.  
In dieser Arbeit konnte zunächst gezeigt werden, dass die Online-Messung der 
Atmungsaktivität mittels RAMOS-Anlage eine einfache Abschätzung der rekombinanten 
Proteinproduktion ohne aufwendige Offline-Proteinbestimmung ermöglicht und so eine 
Identifikation geeigneter T7-basierter E. coli Wirtsstämme erlaubt. In Mineralmedium 
konnten unter IPTG- und Autoinduktion sowohl eine qualitative als auch eine quantitative 
Korrelation zwischen der Atmungsaktivität und der Proteinproduktion für die untersuchten E. 
coli Stämme nachgewiesen werden. Unter den hier gewählten Bedingungen war E. coli 
BL21(DE3) der am besten geeignete Stamm für die rekombinante Produktion der BSLA 
mittels IPTG- und Autoinduktion.  
Die kleinen Modifikationen innerhalb der lipA Gensequenz führten zu starken, sehr 
reproduzierbaren Unterschieden in Atmungsaktivität, Biomasse- und Zielproteinproduktion. 
Eine quantitative Evaluation der Atmungsaktivität ermöglichte die Klassifizierung aller 
untersuchten Klone in zwei verschiedene Typen: Typ A und Typ B. Weiterhin konnten unter 
Berücksichtigung der Atmungsaktivität fünf charakteristische Kultivierungsphasen 
identifiziert werden, die zum einen Informationen über die sequentielle Verstoffwechslung 
der verschiedenen Kohlenstoffquellen liefern, zum anderen Aufschluss darüber geben, in 
welchen Phasen der Kultivierung Biomasse oder Protein gebildet wird. Tendenziell zeigten 
Typ A Klone eine höhere Produktbildung, Typ B Klone hingegen eine stärkere 
Biomasseproduktion.  
Um ein tieferes Verständnis der phänomenologischen Unterschiede zwischen den beiden 
Typen A und B zu erhalten, wurde eine Reihe potentieller Faktoren untersucht, welche eine 
Ursache für die zwei Verhaltensmuster der Atmungsaktivität darstellen könnten. Die 
Verfügbarkeit intrazellulärer Nukleobasen sowie Codon Usage, metabolische Kosten für die 
Aminosäurebiosynthese, Enzymaktivität, die Bildung von Einschlusskörperchen (inclusion 
bodies) oder das Verhältnis von unlöslichem zu löslichem Protein zeigten hier jedoch weder 
einen Einfluss auf heterologe Genexpression und rekombinante Proteinproduktion noch waren 
sie Ursache für die Unterschiede zwischen Typ A und Typ B Klonen. Dennoch konnte gezeigt 
werden, dass die kleinen Unterschiede innerhalb der heterologen lipA Gensequenz ein 
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reduziertes initiales Wachstum der Typ B Klone verursachten, welches wiederum zu einer 
geringeren Biomassekonzentration zum Induktionszeitpunkt führte. In der Folge waren die 
Plasmidkopienzahl und das Expressionslevel geringer als bei den Typ A Klonen und die 
Verstoffwechslung der Kohlenstoffquellen Lactose und Glycerin änderte sich.  
Obwohl die zugrundeliegenden molekularen Ursachen noch nicht identifiziert sind, konnte in 
dieser Arbeit erstmalig gezeigt werden, dass kleinste Änderungen in der Sequenz eines 
heterologen Genes, die lediglich zu einzelnen Aminosäure- oder Codonaustauschen führen, 
immense Auswirkungen auf den Metabolismus des Wirtsorganismus und die rekombinante 
Proteinproduktion haben. In Zukunft kann dies enorme Auswirkungen auf die Codon-
Optimierung heterologer Gene, die Screening-Prozesse nach verbesserten Enyzmvarianten 
sowie die Prozesse zur biotechnologischen Proteinproduktion haben.  
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Abstract 
Biotechnological processes are environmentally friendly, often require less resources and 
energy compared to conventional chemical processes and are therefore economically feasible. 
Hence, they are of increasing importance for the production of industrially relevant products. 
In particular, the production of proteins and enzymes plays an important role since they have 
versatile possible applications in the field of medicine, pharmaceutical, food or chemical 
industry.  
The bacterium Escherichia coli is commonly used in academia and industry for the 
biotechnological production of recombinant proteins because of its well-characterized 
molecular genetics and the availability of numerous expression vectors and host strains. Due 
to the great diversity of genetically modified expression strains, selecting an appropriate host 
strain for the biotechnological production of a desired recombinant protein is often laborious 
and time-consuming. 
One further important issue during recombinant protein production is the so-called ‘metabolic 
burden’: the material and energy normally reserved for the microbial metabolism which is 
sapped from the bacterium for plasmid replication, heterologous gene expression and 
recombinant protein production. This material and energy drain harms biomass formation and 
modifies respiration. Thereby, the abundance of rare codons in a heterologous gene may be a 
further drawback.  
The overall aim of this thesis was to characterize the recombinant protein production in 
E. coli and its influence on the metabolic activity of the host cell metabolism. First, an easy 
approach to systematically characterize industrially relevant and to identify well-suited T7-
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based E. coli host strains for recombinant protein production was investigated. Thereby, the 
qualification of online respiration activity measurement for selecting appropriate expression 
hosts was assessed. The Oxygen Transfer Rate (OTR) was determined online to monitor the 
host cell metabolic burden during the production of plasmid-encoded proteins using the 
Respiration Activity MOnitoring System (RAMOS). Seven commonly applied T7-based 
E. coli host strains expressing the genes encoding for two recombinant enzymes, namely a 
lipase from the mesophilic bacterium Bacillus subtilis (BSLA) and an oxidoreductase from 
the thermophilic bacterium Thermus thermophiles, were compared during cultivation under 
non-inducing and inducing conditions.  
For further characterization of the recombinant protein production in E. coli it was 
investigated whether smallest differences within the heterologous lipA gene encoding the 
BSLA target enzyme affect the metabolic activity of the host organism. Therefore, E. coli 
BL21(DE3) clones containing small differences within the lipA gene sequence leading either 
to single amino acid exchanges within the recombinant protein or to even smaller differences 
in form of single codon exchanges within the gene were analyzed regarding their effects on 
the host cell metabolic activity. The amino acid exchanges were randomly distributed over the 
entire amino acid sequence of the target protein lipase A from Bacillus subtilis (BSLA). Silent 
mutations were introduced into the coding sequence of the BSLA to introduce all 
synonymous arginine or leucine codons at two randomly defined positions, as well as 
substitutions leading to identical amino acid exchanges with different synonymous codons.  
The respective E. coli clones were compared during cultivation in a mineral autoinduction 
medium using specialized online and offline measuring techniques. To quantitatively analyze 
the metabolic state of the recombinant organisms, the RAMOS device was applied. Biomass 
and product formation were determined using the microtiter plate based BioLector system. 
Further cultivation parameters like e.g. carbon source consumption or plasmid copy number 
were determined to deeper analyze the underlying molecular relations.  
In this thesis, it could be shown that online measurement of the respiration activity using the 
RAMOS device allows for a simple estimation of recombinant protein production without 
laborious offline protein determination as well as for a first identification of suitable T7-based 
E. coli host strains. In mineral cultivation media, a qualitative as well as a quantitative 
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correlation between respiration activity and protein production could be verified for the 
investigated E. coli host strains under IPTG- as well as under autoinduction. Under the chosen 
cultivation conditions, E. coli BL21(DE3) was found to be an appropriate host strain for the 
recombinant BSLA production using IPTG- or autoinduction.  
The investigated small modifications within the lipA gene sequence resulted in strong, highly 
reproducible differences in respiration activity, biomass formation and target protein 
production of the respective E. coli clones. A quantitative evaluation of the respiration activity 
allowed a classification of all investigated clones into two types named Type A and Type B. 
With respect to the respiration activity, five characteristic cultivation phases could be 
identified, providing information about the time points of the depletion of the different carbon 
sources as well as about biomass and product formation. Type A clones indicated higher 
product formation, Type B clones were identified as clones with stronger biomass formation.  
A large number of potential factors causing the observed two patterns of respiration behavior 
was assessed to gain a deeper understanding of the observed phenomenological differences. 
The availability of intracellular nucleobases as well as codon usage, metabolic costs for the 
amino acid biosynthesis, enzyme activity, the formation of inclusion bodies as well as the 
ratio of insoluble to soluble protein neither showed any impact on heterologous gene 
expression and protein production nor did they cause the differences observed between Type 
A and Type B clones. However, the small differences in the heterologous lipA gene led to a 
reduced initial growth of Type B clones resulting in a lower biomass concentration at the time 
point of induction. As a consequence, plasmid copy number and expression level remained 
lower compared to Type A clones, and the consumption pattern of the carbon sources lactose 
and glycerol changed.  
Even though the underlying molecular mechanisms are not yet identified, in this thesis, the 
astonishing phenomenon was observed that smallest differences within a heterologous gene 
leading to single amino acid or silent codon exchanges tremendously affect host cell 
metabolism and recombinant protein production. In future, this knowledge could have 
enormous impact on the codon optimization of heterologous genes, screening procedures for 
improved enzyme variants, and biotechnological protein production processes.  
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Chapter 1 
1Introduction 
The modern biotechnology has become a key technology of the 21st century. In almost all 
areas of life, e.g. in medicine, agriculture, food and chemical industry, biotechnological 
products and processes are of great importance. Their relevance is further growing since 
biotechnological processes are environmentally friendly, often require less resources and 
energy compared to conventional chemical processes and are therefore economically feasible.  
An example for a biotechnological process is the production of enzymes for different 
applications (e.g. the usage in detergents), as well as their modifications and the screening for 
enzyme variants with improved properties. Since enzyme production using the original host 
organism is often inefficient, laborious and time consuming, organisms have been genetically 
modified to improve production processes. The production of a protein using genetically 
modified organisms is referred to as recombinant protein production and commonly applied in 
biotechnological processes.  
 
1.1 Recombinant protein production in Escherichia coli 
Among many available microbial systems, Escherichia coli is the most commonly used 
prokaryotic expression host for the production of recombinant proteins. This is due to its well-
known genetics, its ability to grow rapidly to high cell densities on inexpensive mineral 
2  Introduction 
 
 
media, as well as the large number of available cloning vectors and optimized host strains 
[Hannig and Makrides 1998; Terpe 2006]. 
 
1.1.1 Expression system and induction methods 
A widespread system for cloning and expression of heterologous genes in E. coli is based on 
the T7 RNA polymerase encoded under the control of the lac UV5 promoter [Studier and 
Moffatt 1986]. Among the great number of different expression plasmids, pET vectors are 
known to reach high plasmid copy numbers per cell [Held et al. 2003] allowing for high level 
gene expression and protein production. Therefore, pET vectors are commonly applied in 
industrial processes. 
Heterologous gene expression and, in consequence, recombinant protein production are 
typically induced using the metabolically inert allolactose analog isopropyl β-D-
thiogalactopyranoside (IPTG) [Donovan et al. 1996; Ukkonen et al. 2013]. Induction with 
IPTG requires manual addition of the inducer as well as biomass monitoring to determine the 
optimal time point of induction. In large-scale protein production processes, IPTG induction 
is usually avoided because of its toxicity and high costs [Hannig and Makrides 1998].  
Another option to induce heterologous gene expression is the induction with lactose using 
autoinduction media. These media were developed by Studier and contain a mixture of the 
carbon sources glucose, glycerol and lactose [Studier 2005]. Glucose is the preferred carbon 
source and, therefore, is metabolized first by the host organism. Due to catabolite repression, 
the uptake of the other carbon sources as well as the protein formation are suppressed during 
this phase [Inada et al. 1996]. After glucose depletion, the host organism consumes lactose 
and glycerol. Lactose is partially converted into allolactose which acts as physiological 
inducer by binding to the lac repressor [Blommel et al. 2007], whereas glycerol functions as 
additional energy source. In this way, autoinduction is controlled by the host metabolism 
without manual inducer addition and separates cell growth from subsequent product formation 
[Studier 2005; Blommel et al. 2007; Li et al. 2011]. 
Introduction  3 
 
 
Autoinduction can be achieved in complex as well as mineral media by supplementing the 
aforementioned carbon sources. Several modified complex autoinduction media are 
commercially available, but are often expensive and have an undefined composition [Li et al. 
2011]. In contrast to complex autoinduction media, mineral autoinduction media have a 
defined chemical composition which allows a better understanding of metabolic processes 
during induction, gene expression and protein production of the host organism [Zhang and 
Greasham 1999]. Therefore, these media are well-suited for the characterization of new 
expression systems as well as for the screening for the best host strain for recombinant protein 
production. 
 
1.1.2 E. coli host strains for recombinant protein production 
For the successful production of recombinant proteins in E. coli, not only the induction 
method and the cultivation medium are of great importance, but also the choice of the 
expression host. There are numerous T7-based E. coli host strains available that originate 
from different cell lines (e.g. B and K-12) and are optimized for different purposes [Gopal and 
Kumar 2013; Marisch et al. 2013b; Rosano and Ceccarelli 2014]. According to literature, the 
properties of seven commonly applied T7-based E. coli host strains are described below with 
regard to recombinant protein production. The characteristics of these seven frequently 
applied T7-based host strains are summarized in Table 1.1, the respective genotypes are 
presented in Table 2.1. 
E. coli BL21(DE3) derives from the B cell line, in particular from the parental strain B834, 
and is a stable standard host strain for the recombinant protein production [Choi et al. 2006; 
Rosano and Ceccarelli 2014]. On account of the hsdSB mutation in the system of methylation 
and restriction integrated DNA cannot be recognized as foreign. Thus, efficient cloning of 
foreign DNA without cleavage by endogenous restriction endonucleases is possible and 
plasmid loss is mostly impeded. Furthermore, the deficiency of all E. coli strains from the B 
cell line in the Lon and OmpT proteases prevents the degradation of many extracellular and 
foreign proteins. In contrast to E. coli strains from the K-12 cell line, BL21(DE3) produces 
only low concentrations of acetate [Shiloach et al. 1996; Shiloach et al. 2010; Yoon et al. 
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2012]. Thus, acetate cannot accumulate to toxic concentrations and the growth rate is not 
negatively affected.  
The host strain OverExpress C41(DE3) is a derivative of BL21 and is optimized for the 
overexpression of recombinant membrane and toxic proteins [Miroux and Walker 1996; 
Wagner et al. 2008; Gopal and Kumar 2013]. This strain carries at least one uncharacterized 
mutation, which prevents cell death associated with the production of many recombinant toxic 
proteins. 
Rosetta(DE3) is a BL21 derivative designed to enhance the production of eukaryotic proteins 
that contain codons rarely used in E. coli [Gustafsson et al. 2004]. Therefore, the genes for six 
respective rare tRNAs are encoded on an additional compatible plasmid (pRARE).  
The host strain Tuner(DE3) is also based on BL21 and developed for fine-tuning the 
expression rate by adapting the concentration of added IPTG. Tuner(DE3) lacks the gene for 
the lactose permease (lacY) and, in consequence, is not able to take up lactose, whereas IPTG 
can still diffuse into the cell. By choosing a certain IPTG concentration, the expression level 
can be set between 0-100 % [Jensen et al. 1993; Hartinger et al. 2010].  
The strain E. coli ER2566, also known as C2566 or T7 Express, carries a chromosomal copy 
of the gene encoding the T7 RNA polymerase (T7 gene 1) inserted into the lacZ gene [Zhou et 
al. 2002]. As consequence, the basal expression can be reduced and no functional β-
galactosidase can be produced. Thus, lactose cannot be metabolized and heterologous gene 
expression in ER2566 can only be induced by addition of IPTG.  
The E. coli host strains HMS174(DE3) and JM109(DE3) originate from E. coli K-12 and, 
therefore, tend to accumulate acetate. HMS174(DE3) carries a mutation within the recA1 
gene which prevents recombination of introduced DNA with host DNA [Campbell et al. 
1978; Casali 2003], resulting in an enhanced plasmid stability [Marisch et al. 2013a; Marisch 
et al. 2013b]. JM109(DE3) additionally carries a deletion within the lacZ gene. As a result, no 
active β-galactosidase is built and recombinant protein production cannot be autoinduced with 
lactose. Although JM109(DE3) was developed for cloning purposes [Casali 2003] and the 
Introduction  5 
 
 
production of plasmid DNA, it was also applied as expression host [George et al. 1992; 
Shiloach et al. 1996].  
 
Table 1.1. Escherichia coli host strain characteristics 
Cell line Name Characteristics 
B 
BL21(DE3) standard host strain for recombinant protein production [Choi et al. 2006; Rosano and Ceccarelli 2014] 
OverExpress 
C41(DE3) 
BL21 derivative, optimized for the overexpression of toxic proteins and 
membrane proteins [Miroux and Walker 1996; Wagner et al. 2008; 
Gopal and Kumar 2013]  
Rosetta(DE3) 
BL21 derivative, designed to enhance the expression of genes that 
encode codons rarely used in E. coli by expressing six rare tRNAs 
[Gustafsson et al. 2004] 
Tuner(DE3) 
BL21 derivative, lacks the gene for the lactose permease (lacY) and is 
therefore not able to take up lactose, was developed for fine-tuning the 
expression rate by the concentration of added IPTG [Jensen et al. 1993; 
Hartinger et al. 2010]  
ER2566 
(C2566 /T7 Express) 
carries a chromosomal copy of the T7 RNA polymerase inserted into the 
gene for the β-galactosidase (lacZ), has a reduced basal expression and 
cannot metabolize lactose [Zhou et al. 2002] 
K-12 
HMS174(DE3) 
is optimized for the production of recombinant proteins, carries a 
mutation in the recA1 gene [Campbell et al. 1978; Casali 2003] resulting 
in enhanced plasmid stability [Marisch et al. 2013a; Marisch et al. 2013b] 
JM109(DE3) 
is developed for cloning purposes and production of plasmid DNA 
[Casali 2003] but is also applied as expression host [George et al. 1992; 
Shiloach et al. 1996], carries a deletion in the lacZ gene 
 
1.1.3 Challenges in recombinant protein production 
The production of recombinant proteins is one of the most energy and raw material 
consuming processes. It activates stress responses and causes significant alterations in the 
host cell metabolism. The so-called ‘metabolic burden’ is defined as the draining of raw 
materials and energy from the physiological microbial metabolism as the result of 
recombinant protein production [Bentley et al. 1990; Bhattacharya and Dubey 1995; Glick 
1995; Neubauer et al. 2003]. Prevalent responses of the host-cell physiology caused by 
metabolic burden are a decrease in growth rate and change in respiration [Lee and Ramirez 
1992; Kunze et al. 2012]. Many reviews have summarized potential factors influencing the 
metabolic burden, as well as strategies to overcome metabolic burden and to optimize protein 
production [Makrides 1996; Baneyx 1999; Flores et al. 2004; Sorensen and Mortensen 2005; 
Striedner et al. 2010; Carneiro et al. 2013]. Besides the production of plasmid-encoded 
proteins, also the plasmids themselves impose a metabolic load on the host, as cellular 
resources are required for plasmid replication [Carrier et al. 1998; Baneyx 1999; Grabherr et 
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al. 2002; Palomares et al. 2004]. Furthermore, the recombinant target protein as well as its 
amino acid composition and codon usage were found to affect recombinant protein 
production: 
Strong variations in respiration activity of the respective E. coli clones were observed during 
recombinant protein production of related human model proteins from fetal brain tissue 
despite using the same recombinant expression system. During cultivation in complex 
autoinduction medium the investigated clones showed remarkable differences in growth, 
respiration and protein formation. However, the clones could be classified into three distinct 
types, and correlations between respiration patterns and target protein production could be 
made [Kunze et al. 2012].  
The general influence of the amino acid sequence of recombinant proteins on the metabolic 
burden phenomenon has already been evaluated in some studies. Palmen et al. found that 
slight differences in the amino acid composition of a cofactor-dependent enzyme significantly 
affect the expression and cultivation progress. They correlated the binding strength of the 
cofactor thiamin diphosphate of the recombinant benzoylformate decarboxylase to the 
differences in the metabolic activity [Palmen et al. 2010]. The metabolic costs of the amino 
acid biosynthesis in E. coli can be calculated as high-energy phosphate bonds contained in 
ATP and GTP molecules, and according to available hydrogen atoms in NADH, NADPH, and 
FADH2 molecules, respectively [Akashi and Gojobori 2002; Kaleta et al. 2013]. Tryptophan 
(W), phenylalanine (F), tyrosine (Y), histidine (H) and methionine (M) were identified as 
amino acids leading to the highest energetic costs during their biosynthesis [Akashi and 
Gojobori 2002]. For the cellular stress caused by the recombinant protein production, 
Bonomo and Gill also discovered that the amino acid sequence itself plays an important role. 
Using the same host organism and expression system, they investigated the growth behavior 
upon expression of two different polypeptides. The first polypeptide was composed of the 
most rarely used amino acids causing the highest energetic costs, whereas the second one was 
composed of the most abundant and, thus, energetically inexpensive amino acids. The 
expression of the first polypeptide led to a strong decrease in growth [Bonomo and Gill 2005] 
due to a stringent-like response [Grossman et al. 1985; Harcum and Bentley 1993; Harcum 
2002].  
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Besides recombinant protein and amino acid sequence also the different frequencies of 
synonymous codons in host and foreign coding DNA, namely codon bias, can affect 
heterologous protein production levels [Gustafsson et al. 2004; Rosano and Ceccarelli 2014] 
and E. coli growth rates [Bonomo and Gill 2005]. Several studies already discussed the 
influence of rare codons on recombinant protein production [Kane 1995; Gustafsson et al. 
2004; Rosano and Ceccarelli 2009; Rosano and Ceccarelli 2014], as well as the molecular 
background [Ikemura 1981a; Gustafsson et al. 2004; Czech et al. 2010] and strategies to 
overcome codon bias [Ikemura 1981b; Baca and Hol 2000; Gustafsson et al. 2004; Sorensen 
and Mortensen 2005; Menzella 2011]. The influence of the codon usage on heterologous gene 
expression is caused by the correlation between the preferred codons and the abundance of 
cognate tRNAs available within the cell. Thus, by adapting the isoacceptor tRNA 
concentration the translational system can be optimized and the codon concentration can be 
balanced [Ikemura 1981b; Gustafsson et al. 2004]. In addition to different organisms, the 
codon usage can also differ between proteins produced at high or low levels within the same 
organism, and sometimes even within the same operon [Gouy and Gautier 1982; Gustafsson 
et al. 2004]. Ways to overcome the codon bias are e.g. the codon optimization of the 
respective heterologous gene encoding the desired target protein [Menzella 2011] or the 
introduction of a plasmid carrying the information for genes encoding rare tRNAs recognizing 
rare codons into the respective expression host [Baca and Hol 2000].  
Some approaches to determine and quantify the metabolic burden have already been 
published [Hoffmann and Rinas 2001; Nemecek et al. 2008; Seoane et al. 2010; Heyland et 
al. 2011; Silva et al. 2012]. They are either based on sampling and subsequent offline 
monitoring techniques or described for large-scale fermentations requiring considerable 
equipment, chemicals, and time. In this thesis, two small-scale online monitoring devices, 
namely the Respiration Activity MOnitoring System (RAMOS) and a microtiter plate based 
cultivation system (BioLector) were applied as measuring systems. RAMOS [Anderlei and 
Büchs 2001; Anderlei et al. 2004] determines the Oxygen Transfer Rate (OTR) as 
characteristic parameter for the metabolic activity of the bacteria, whereas the BioLector 
[Samorski et al. 2005; Kensy et al. 2009] measures scattered light and fluorescence to trace 
biomass and protein formation. Additionally, a broad range of further cultivation parameters 
was analyzed to gain deeper insights into metabolic processes during recombinant protein 
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production. A detailed description of the cultivation procedure, the applied measuring systems 
and all determined cultivation parameters is given in Section 2.5. 
 
1.2 Target protein 
As target protein the industrially relevant enzyme lipase was chosen in this thesis. More 
precisely, the selected recombinant target protein is the Lipase A from the mesophilic 
bacterium Bacillus subtilis (BSLA) [van Pouderoyen et al. 2001]. Here, it is fused to a flavin 
mononucleotide (FMN)-based fluorescent protein (FbFP) derived from the Light, Oxygen, 
Voltage (LOV) domain of the Bacillus subtilis YtvA photoreceptor (LOV tag) [Drepper et al. 
2007; Krauss et al. 2010] and a N-terminal polyhistidine tag (His6 tag). The structure of the 
fusion protein is presented in Figure 1.1. The molecular weight of the fusion protein is 
35 kDa.  
 
Figure 1.1. Target protein 
The target protein is composed of a His6 tag (polyhistidine tag) fused to a LOV tag (FbFP, flavin 
mononucleotide (FMN)-based fluorescent protein based on the Light, Oxygen, Voltage (LOV) domain 
of the Bacillus subtilis YtvA photoreceptor) and a lipase (BSLA, B. subtilis Lipase A). The molecular 
weight of the fusion protein is 35 kDa.  
 
The amino acid sequence of the entire fusion protein is given in Figure 1.2. Thereby, the 
amino acid compositions of His6 tag, LOV tag (FbFP), the linker peptide as well as the 
Bacillus subtilis lipase A (BSLA) are distinguished by font and color.  
 
Introduction  9 
 
 
 
Figure 1.2. Amino acid sequence of fusion protein 
Amino acid sequence of the fusion protein composed of His6 tag (black, histidine residues 
underlined), LOV tag (FbFP, blue), linker peptide (grey, italics), BSLA (green). Adapted from [Scholz 
2012].  
 
The N-terminal polyhistidine (His6) tag is an amino acid motif that consists of six histidine 
(His, H) residues (Figure 1.2). Polyhistidine tags are typically applied for the purification of 
recombinant proteins using affinity chromatography. Thereby, after cell lysis, the 
polyhistidine-tagged proteins specifically bind to an affinity resin containing bound bivalent 
nickel ions. After washing, the proteins are eluted with imidazole.  
Fluorescent proteins are often fused to target proteins to allow a protein determination via 
fluorescence measurement. The fluorescent protein used in this thesis is derived from the 
Light, Oxygen, Voltage (LOV) domain of the Bacillus subtilis YtvA photoreceptor. The YtvA 
protein binds flavin mononucleotide (FMN) and is the best characterized bacterial LOV 
photoreceptor. In nature, it regulates the general stress reaction in Bacillus subtilis in response 
to blue light illumination. Its blue light sensitivity is based on the blue-light-depended photo 
chemistry of the FMN chromophore [Drepper et al. 2007; Krauss et al. 2010; Scholz 2012]. 
The main advantage of LOV proteins over the more common green fluorescence proteins 
(GFP) is the oxygen-independent biosynthesis of the cofactor FMN. The protein structure of 
the YtvA protein is a homodimer and its molecular weight is roughly 15 kDa. The three-
dimensional structure of the LOV domain of the Bacillus subtilis YtvA photoreceptor is 
presented in Figure 1.3B.  
The Bacillus subtilis Lipase A (BSLA) is a minimal α/β-hydrolase of 181 amino acids and, 
therewith, the smallest known lipase. It is cofactor-independent, biochemically well-
MGSSHHHHHHSSGLVPRGSHMVGVVITDPALEDNPIVYVNQGFVQMTGYETEEILGKNARFL
QGKHTDPAEVDNIRTALQNKEPVTVQIQNYKKDGTMFWNELNIDPMEIEDKTYFVGIQNDIT
AEHNPVVMVHGIGGASFNFAGIKSYLVSQGWSRDKLYAVDFKQKEYEKLLEDSLTEITALSE
WDKTGTNYNNGPVLSRFVQKVLDETGAKKVDIVAHSMGGANTLYYIKNLDGGNKVANVVTLG
GANRLTTGKALPGTDPNQKILYTSIYSSADMIVMNYLSRLDGARNVQIHGVGHIGLLYSSQV
NSLIKEGLNGGGQNTN 
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characterized and has a known crystal structure [Hermoso et al. 1996; Eggert et al. 2000; van 
Pouderoyen et al. 2001; Jochens et al. 2011]. Its active site is formed by a catalytic triade 
(Ser77, Asp133, His156). In aqueous systems the BSLA catalyzes the hydrolysis of 
triacylglyerides into di- and monoacylglycerides or into glycerol and the corresponding fatty 
acids, respectively. The molecular weight of the BSLA is roughly 19 kDa. A three-
dimensional structure is presented in Figure 1.3A.  
 
Figure 1.3. Three-dimensional structure BSLA and LOV domain of YtvA photoreceptor 
Three-dimensional structure of (A) Bacillus subtilis Lipase A (BSLA, PDB: 1I6W) [van Pouderoyen 
et al. 2001] and (B) LOV domain of the Bacillus subtilis YtvA photoreceptor (PDB: 2PR6) [Möglich 
and Moffat 2007].  
 
Within this thesis, a large number of various modifications was integrated into the lipA gene 
encoding the BSLA resulting in single amino acid substitutions, particular codon exchanges 
or single amino acid substitutions using different synonymous codons. A detailed record of all 
modifications is given in Chapter 2, Table 2.2. As the other components of the fusion protein 
(LOV tag and His6 tag) always remained unmodified in their original wild type sequence, the 
target protein His6-LOV-BSLA is referred to as BSLA in this thesis. 
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1.3 Objectives and overview 
This work on the characterization of the recombinant protein production in Escherichia coli 
and its influence on host cell metabolic activity was performed as part of the research training 
group 1166 “Biocatalysis using Non-Conventional Media - BioNoCo” funded by the German 
Research Foundation (DFG). One key task within BioNoCo was the production of enzymes 
and the screening for enzyme variants with improved properties for different applications in 
non-conventional media.  
As already discussed within Section 1.1.3, numerous factors exist that influence the 
production of recombinant proteins. The course of cultures of microorganisms, mostly 
Escherichia coli, is extremely dependent on the specific protein which is produced. Even the 
production of related fetal brain proteins led to tremendously differences in growth, 
respiration and protein production of the respective E. coli clones [Kunze et al. 2012]. Thus, 
there is evidence that screening cultures are not progressing in a synchronous and parallel 
manner. This considerably complicates screenings and will inevitably lead to the loss of many 
promising variants, which, by coincidence, do not fit into the time scheme of conventional 
screening protocols.  
The overall objective of this thesis was to systematically asses the inhomogeneity of 
screening cultures, to analyze possible reasons for the observed differences as well as to 
deeper characterize recombinant protein production in Escherichia coli and its influence on 
host cell metabolic activity. Therefore, after introducing the Materials and Methods (Chapter 
2), the results of this thesis are discussed in Chapters 3-5. Finally, Conclusion and Outlook are 
presented in Chapter 6. 
Chapter 3 deals with the systematic characterization of different T7-based E. coli host strains 
for recombinant protein production using online respiration activity measurement. It was 
investigated if simple shake flask experiments monitoring the respiration activity of different 
host strains using a Respiration Activity MOnitoring System (RAMOS) are sufficient to 
assess their suitability for the overexpression of a heterologous gene encoding a desired 
recombinant protein. Therefore, seven frequently used T7-based E. coli expression host 
strains were compared and evaluated regarding recombinant protein production of two 
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exemplary model enzymes: the lipase derived from the mesophilic bacterium Bacillus subtilis 
(BSLA, presented in Section 1.2) and an oxidoreductase from the thermophilic bacterium 
Thermus thermophilus [Yokoyama et al. 2000]. Besides E. coli BL21(DE3), the standard host 
strain for recombinant protein production, four other strains of the B cell line and two host 
strains derived from the K-12 cell line were chosen for this comparative study. 
Chapter 4 investigates the influence of single amino acid exchanges at different positions of a 
recombinant enzyme on the metabolic activity of the expression host E. coli BL21(DE3). 
Therefore, two small-scale online monitoring systems, RAMOS and a microtiter plate based 
cultivation system (BioLector) were applied. Here, 15 E. coli BL21(DE3) clones that only 
differ by the exchange of single amino acids are investigated. Thereby, the amino acid 
exchanges were distributed over the entire amino acid sequence of the target protein lipase 
from Bacillus subtilis (BSLA).  
Chapter 5 works on the influence of particular silent codon exchanges within a heterologous 
gene on host cell metabolic activity. Silent mutations were introduced into the coding 
sequence of the BSLA as a model protein to introduce all synonymous arginine or leucine 
codons at two randomly defined positions, as well as substitutions leading to identical amino 
acid exchanges with different synonymous codons. The respective E. coli clones were 
compared during cultivation in a mineral autoinduction medium using specialized online and 
offline measuring techniques to quantitatively analyze effects on respiration, biomass and 
protein production, as well as on carbon source consumption, plasmid copy number, 
intracellular nucleobases and mRNA content of each clone.  
Whereby Chapter 3 focused on the suitability of online respiration activity measurement for 
the systematic characterization of the different host strains, Chapter 4 and 5 analyze 
phenomenological effects of smallest differences within the heterologous lipA gene encoding 
the BSLA target protein during heterologous gene expression.  
At the end of this thesis, it should be worked out whether online respiration activity 
measurement using the RAMOS device is an appropriate tool to characterize the recombinant 
protein production and to identify well-suited T7-based E. coli host strains. Furthermore, the 
inhomogeneity of screening cultures should be assessed if only small difference as single 
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amino acid or silent codon exchanges exist between the investigated E. coli clones. In 
particular, differences between the clones regarding their respiration activity, biomass and 
product formation should be analyzed. The influence of different factors as e.g. plasmid copy 
number, mRNA content or carbon source metabolism on heterologous gene expression should 
be further investigated to gain a deeper understanding of the molecular mechanisms during 
recombinant protein production processes.  
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Chapter 2 
2Materials and Methods 
2.1 Microorganisms 
Escherichia coli DH5α was used for cloning and amplification. Within Chapter 3 seven 
different T7-based Escherichia coli host strains were used in the experiments (see Section 
1.1.2). The genotypes as well as the respective suppliers are listed in Table 2.1. All cultivation 
experiments within Chapter 4 and Chapter 5 were conducted using the host strain E. coli 
BL21(DE3).  
 
Table 2.1. Escherichia coli host strains 
Name Genotype  Supplier 
BL21(DE3) F– ompT lon hsdSB(rB– mB–) gal dcm (DE3)  
 
Novagen, Merck, 
Germany 
OverExpress C41(DE3) F– ompT lon hsdSB(rB– mB–) gal dcm (DE3)*  
 
Lucigen, USA 
Rosetta(DE3) F
–
 ompT lon hsdSB(rB– mB–) gal dcm (DE3) pRARE2 
(CamR) 
 
 
Novagen, Merck, 
Germany 
Tuner(DE3) F– ompT lon hsdSB(rB– mB–) gal dcm lacY1 (DE3)  Novagen, Merck, Germany 
ER2566 
(C2566 /T7 Express) 
fhuA2 lacZ::T7 gene1 lon ompT gal sulA11 R(mcr-
73::miniTn10--TetS)2 dcm R(zgb-210::Tn10--TetS) endA1 
∆(mcrC-mrr)114::IS10 
 
 
New England 
Biolabs, USA 
HMS174(DE3) F– recA1 hsdR(rK12– mK12+) (DE3) (RifR)  
 
Novagen, Merck, 
Germany 
JM109(DE3) endA1 recA1 gyrA96 thi hsdR17(rk
–
 mk
+) relA1 supE44 λ– 
∆(lac-proAB) [F´ traD36 proAB lacIqZ∆M15] (DE3) 
 
 
Promega, 
Germany 
* plus at least one uncharacterized mutation 
 
16  Materials and Methods 
 
 
2.2 Expression vectors and target proteins 
The expression vector used in this work is pET22b(+) (ampicillin resistant) bearing a gene 
encoding a wild type Bacillus subtilis lipase A (BSLA) [van Pouderoyen et al. 2001] 
including a N-terminal His6 tag and a flavin mononucleotide (FMN)-based fluorescent 
protein (FbFP) derived from the Light, Oxygen, Voltage (LOV) domain of the Bacillus 
subtilis YtvA photoreceptor [Drepper et al. 2007; Krauss et al. 2010]. The target protein (see 
Section 1.2, Figure 1.1, Figure 1.2) is biochemically well-characterized [Hermoso et al. 1996; 
Eggert et al. 2000; van Pouderoyen et al. 2001; Jochens et al. 2011] and under the chosen 
cultivation conditions predominantly expressed in inclusion bodies (Chapters 3 and 4). It has 
a molecular weight of 35 kDa. The fusion protein His6-LOV-BSLA is referred to as BSLA in 
this thesis.  
Within Chapter 3, a second expression vector bearing the gene for an oxidoreductase was 
used. The pET11a (ampicillin resistant) encoded the 3-hydroxybutyryl-CoA dehydrogenase 
(HBD, TTHA1262) from Thermus thermophilus HB8 with a molecular weight of 32 kDa. 
This plasmid was taken from the Thermus thermophilus HB8 gene expression library obtained 
from RIKEN BioResource Center, Japan [Yokoyama et al. 2000]. The HBD was chosen as 
second model protein, since it is produced as soluble protein [Diederichs et al. 2014]. Thus, 
by analyzing the two chosen model enzymes, the production of soluble proteins and insoluble 
proteins produced in inclusion bodies could be assessed.  
For subsequent expression experiments, both plasmids were isolated and either the first or the 
second plasmid was transformed into all seven competent E. coli host strains (Table 1.1, 
Table 2.1). Stock cultures of all 14 transformants were prepared by cultivation in TB medium. 
Cells were harvested in the exponential growth phase and stored in 1 mL vials with a final 
glycerol concentration of 150 g/L at -80 °C.  
The cultivation experiments within Chapter 4 were conducted using the host strain E. coli 
BL21(DE3) containing the plasmid pET22b(+) with genes encoding different BSLA variants. 
The amino acid exchanges within BSLA were chosen randomly and distributed over the entire 
amino acid sequence (Table 2.2).  
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Within Chapter 5, silent codon exchanges were introduced into the lipA target gene. Thus, all 
respective E. coli BL21(DE3) clones produced the recombinant BSLA with the wild type 
amino acid sequence. The modifications in the DNA sequence encoding either the amino acid 
arginine at position 107 (Arg107) or the amino acid leucine at position 143 (Leu143) of the 
BSLA are presented in Table 2.2.  
Additionally, further cultivations with an E. coli BL21(DE3) not bearing any plasmid 
(Chapter 4, Appendix 11), E. coli BL21(DE3) clones containing different substitutions of the 
wild type amino acid glycine at position 46 (Gly46, Appendix 13) and E. coli BL21(DE3) 
clones containing amino acid exchanges with different synonymous codons (Appendix 21) 
were performed (Table 2.2). 
 
Table 2.2. Investigated E. coli clones 
E. coli host 
strain  
Expression 
vector  
Target 
protein(a) 
Modification Term / 
Abbreviation 
Applied in  
BL21(DE3) pET 22b(+) X x E. coli BL21(DE3) 
without plasmid 
Chapter 4, Appendix 11 
BL21(DE3) pET 22b(+) BSLA x BSLA Chapter 3 
BL21(DE3) pET 11a HBD x HBD Chapter 3 
C41(DE3) pET 22b(+) BSLA x BSLA Chapter 3 
C41(DE3) pET 11a HBD x HBD Chapter 3 
Rosetta(DE3) pET 22b(+) BSLA x BSLA Chapter 3 
Rosetta(DE3) pET 11a HBD x HBD Chapter 3 
Tuner(DE3) pET 22b(+) BSLA x BSLA Chapter 3 
Tuner(DE3) pET 11a HBD x HBD Chapter 3 
ER2566 pET 22b(+) BSLA x BSLA Chapter 3 
ER2566 pET 11a HBD x HBD Chapter 3 
HMS174(DE3) pET 22b(+) BSLA x BSLA Chapter 3 
HMS174(DE3) pET 11a HBD x HBD Chapter 3 
JM109(DE3) pET 22b(+) BSLA x BSLA Chapter 3 
JM109(DE3) pET 11a HBD x HBD Chapter 3 
BL21(DE3) pET 22b(+) His-LOV x His-LOV Chapter 4 
BL21(DE3) pET 22b(+) BSLA x Wild type enzyme  (His-LOV-BSLA) 
Chapter 4 
BL21(DE3) pET 22b(+) BSLA Ala1Trp A1W Chapter 4 
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BL21(DE3) pET 22b(+) BSLA His10Asp H10D Chapter 4 
BL21(DE3) pET 22b(+) BSLA Ile12Cys I12C Chapter 4 
BL21(DE3) pET 22b(+) BSLA Phe17Pro F17P Chapter 4 
BL21(DE3) pET 22b(+) BSLA Lys23stop K23stop Chapter 4 
BL21(DE3) pET 22b(+) BSLA Ser56Pro S56P Chapter 4 
BL21(DE3) pET 22b(+) BSLA Asp91Arg D91R Chapter 4 
BL21(DE3) pET 22b(+) BSLA GGly93Tyr G93Y Chapter 4 
BL21(DE3) pET 22b(+) BSLA Vas99Lys V99K Chapter 4 
BL21(DE3) pET 22b(+) BSLA Leu102Trp L102W Chapter 4 
BL21(DE3) pET 22b(+) BSLA Ser167Pro S167P Chapter 4 
BL21(DE3) pET 22b(+) BSLA Lys170Glu K170E Chapter 4 
BL21(DE3) pET 22b(+) BSLA Gly175Phe G175F Chapter 4 
BL21(DE3) pET 22b(+) BSLA Gly46Phe G46F Appendix 13 
BL21(DE3) pET 22b(+) BSLA Gly46Ser G46S Appendix 13 
BL21(DE3) pET 22b(+) BSLA Gly46Gly G46G Appendix 13 
BL21(DE3) pET 22b(+) BSLA Gly46Thr G46T Appendix 13 
BL21(DE3) pET 22b(+) BSLA Gly46Val G46V Appendix 13 
BL21(DE3) pET 22b(+) BSLA Gly46Cys (1) G46C Appendix 13 
BL21(DE3) pET 22b(+) BSLA Gly46Cys (2) G46C Appendix 13 
BL21(DE3) pET 22b(+) BSLA Gly46Asp G46D Appendix 13 
BL21(DE3) pET 22b(+) BSLA x Arg107 CGT Chapter 5 
BL21(DE3) pET 22b(+) BSLA Arg107 AGA Arg107 AGA Chapter 5 
BL21(DE3) pET 22b(+) BSLA Arg107 AGG Arg107 AGG Chapter 5 
BL21(DE3) pET 22b(+) BSLA Arg107 CGA Arg107 CGA Chapter 5 
BL21(DE3) pET 22b(+) BSLA Arg107 CGC Arg107 CGC Chapter 5 
BL21(DE3) pET 22b(+) BSLA Arg107 CGG Arg107 CGG Chapter 5 
BL21(DE3) pET 22b(+) BSLA x Arg107 TTA  Chapter 5 
BL21(DE3) pET 22b(+) BSLA Arg107 CTA Arg107 CTA Chapter 5 
BL21(DE3) pET 22b(+) BSLA Arg107 CTC Arg107 CTC Chapter 5 
BL21(DE3) pET 22b(+) BSLA Arg107 CTG Arg107 CTG Chapter 5 
BL21(DE3) pET 22b(+) BSLA Arg107 CTT Arg107 CTT Chapter 5 
BL21(DE3) pET 22b(+) BSLA Arg107 TTG Arg107 TTG Chapter 5 
BL21(DE3) pET 22b(+) BSLA Ser56Pro CCC S56P CCC Chapter 5, Appendix 21 
BL21(DE3) pET 22b(+) BSLA Ser56Pro CCG S56P CCG Chapter 5, Appendix 21 
BL21(DE3) pET 22b(+) BSLA Ser56Pro CCT S56P CCT Chapter 5, Appendix 21 
BL21(DE3) pET 22b(+) BSLA Asp91Arg CGC D91R CGC Chapter 5, Appendix 21 
BL21(DE3) pET 22b(+) BSLA Asp91Arg CGT D91R CGT Chapter 5, Appendix 21 
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BL21(DE3) pET 22b(+) BSLA Gly93Typr TAT G93Y TAT Chapter 5, Appendix 21 
BL21(DE3) pET 22b(+) BSLA Gly93Typr TAT G93Y TAT Chapter 5, Appendix 21 
BL21(DE3) pET 22b(+) BSLA Ser167Pro CCA S167P CCA Chapter 5, Appendix 21 
BL21(DE3) pET 22b(+) BSLA Ser167Pro CCG S167P CCG Chapter 5, Appendix 21 
BL21(DE3) pET 22b(+) BSLA Lys170Glu GAA K170E GAA Chapter 5, Appendix 21 
BL21(DE3) pET 22b(+) BSLA Lys170Glu GAG K170E GAG Chapter 5, Appendix 21 
BL21(DE3) pET 22b(+) BSLA Gly175Phe TTC G175F TTC Chapter 5, Appendix 21 
BL21(DE3) pET 22b(+) BSLA Gly175Phe TTT G175F TTT Chapter 5, Appendix 21 
(a) Target protein BSLA abbreviates the fusion protein His6-LOV-BSLA. All modifications are integrated within 
lipA gene sequence encoding the BSLA.  
 
2.3 Site directed mutagenesis 
The mutations of the lipA gene encoding the BSLA were introduced by site directed 
mutagenesis. Polymerase chain reactions (PCR) were carried out with the modified SPRINP 
method [Edelheit et al.]. The amplification was carried out in two separate 25 µL reactions 
with each 10-50 ng of template, 0.2 pM of either the forward or reverse primer (synthetized 
by eurofins MWG Operon, Germany), 0.2 mM dNTPs, 3 % DMSO (v/v) and 1 U of Phusion 
high fidelity DNA polymerase in Phusion GC-buffer containing 7.5 mM MgCl2 (Thermo 
Scientific, Germany). The PCR conditions were as follows: initial denaturation at 98 °C for 
10 min followed by 23 cycles of 98 °C for 1 min, 55 °C for 1 min and 68 °C for 3.5 min 
followed by a final elongation step at 68 °C for 7 min. The PCR was paused after 5 cycles to 
combine the forward and reverse primer reaction and then was continued for the remaining 18 
cycles. Template DNA was removed with 30 U DpnI at 37 °C for 16 h. The reaction was 
stopped at 75 °C for 15 min followed by PCR purification (Analytik Jena, Germany). An 
aliquot of 1 µL was transformed into E. coli DH5α electrocompetent cells and plated onto 
selective Lysogeny Broth (LB) [Bertani 1951] agar plates, incubated overnight at 37 °C. 
Positive transformants were sequenced by eurofins MWG Operon (Germany) to ensure 
successful mutagenesis. For subsequent expression experiments, the constructed plasmids 
carrying the different mutations (Table 2.2) were isolated, transformed into competent E. coli 
BL21(DE3) cells and preserved in 15 % (w/w) glycerol at -80 °C. 
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2.4 Cultivation media 
2.4.1 Non-inducing media 
Precultivations were performed under non-inducing conditions.  
The first precultivation applied complex Terrific Broth (TB) [Tartof and Hobbs 1987] 
medium consisting of 12 g/L tryptone, 24 g/L yeast extract, 12.54 g/L K2HPO4, 2.3 g/L 
KH2PO4 and 5 g/L glycerol (all ingredients from Roth, Germany) dissolved in water. The pH-
value was 7.2 ± 0.2 without adjustment. After autoclaving, ampicillin (0.1 g/L) was added to 
the medium under sterile conditions.  
The second precultivation was carried out in modified Wilms-MOPS mineral medium (WM) 
according to Wilms et al. that consisted of 5 g/L glycerol, 0.5 g/L glucose, 5 g/L (NH4)2SO4, 
0.5 g/L NH4Cl, 3 g/L K2HPO4, 2 g/L Na2SO4, 41.85 g/L (N-Morpholino)-propanesulfonic 
acid (MOPS), 0.5 g/L MgSO4·7H2O, 0.01 g/L thiamine hydrochloride, 0.1 g/L ampicillin, 
1 mL/L trace element solution [0.54 g/L ZnSO4·7H2O, 0.48 g/L CuSO4·5H2O, 0.3 g/L 
MnSO4·H2O, 0.54 g/L CoCl2·6H2O, 41.76 g/L FeCl3·6H2O, 1.98 g/L CaCl2·2H2O, 33.4 g/L 
Na2EDTA (Titriplex III)] [Wilms et al. 2001]. The pH-value was adjusted to 7.5 with NaOH. 
All medium components were sterilized separately by autoclaving or filtration before mixing. 
 
2.4.2 Inducing media 
All main cultivations were performed in mineral medium under inducing conditions. For 
induction, either IPTG- or autoinduction with lactose medium were applied.  
For growth in mineral cultivation medium under IPTG induction (WM+IPTG), a final 
concentration of 0.1 mM IPTG was added to Wilms-MOPS mineral medium since higher 
concentrations can lead to a strong inhibition or even a metabolic break down of the host 
organism [Huber et al. 2009b]. The induction time point was set at 3 h in order to achieve 
comparable conditions to cultivations under autoinduction.  
Materials and Methods  21 
 
 
For cultivations under autoinduction, the previously described modified Wilms-MOPS 
medium was supplemented with 2 g/L sterilized lactose as inducing compound [Studier 2005; 
Blommel et al. 2007; Li et al. 2011]. This medium is referred to as mineral Wilms-MOPS 
autoinduction medium (WM+Lac).  
 
2.5 Cultivations and online analysis using RAMOS and 
BioLector 
2.5.1 Overview of cultivation procedure 
An overview of the different cultivation steps, applied cultivation systems, as well as the 
determined online and offline data is given in Figure 2.1. 
 
Figure 2.1. Overview of different cultivation steps, cultivation systems, and measured online and 
offline data 
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The first preculture was performed in complex non-inducing TB medium, the second preculture in 
non-inducing Wilms-MOPS mineral medium. Both precultures were carried out in 250 mL flasks in a 
RAMOS (Respiration Activity MOnitoring System) device. The main culture was performed in 
Wilms-MOPS mineral autoinduction medium in three cultivation systems in parallel: RAMOS device 
(250 mL shake flasks), separate 250 mL shake flasks and 48-well Flowerplate in a BioLector device. 
The RAMOS device allows an online measurement of the oxygen transfer rate (OTR) of the culture. 
Separate shake flasks are used for offline analysis. The BioLector device monitors the formation of 
biomass (scattered light intensity) and product (fluorescence). 
 
Three different cultivation systems were applied in this thesis: conventional 250 mL shake 
flasks, modified 250 mL RAMOS flasks, and a 48-well microtiter plate (Flowerplate). 
Whereby in Chapter 3, all cultivations were performed in RAMOS and conventional shake 
flasks, in Chapter 4 and Chapter 5 all three cultivation systems were run in parallel.  
To allow the comparability of cultivation conditions in shake flasks (RAMOS and separate 
shake flasks) and microtiter plate (BioLector device), the shaking conditions were carefully 
selected to ensure unlimited growth conditions. By preventing an oxygen limitation, a 
negative influence on growth can be avoided. In this way, comparable cultivation conditions 
can be provided in all three cultivations systems. 
 
2.5.2 Precultivations 
Precultivations were performed in modified 250 mL shake flasks in an in-house RAMOS 
device [Anderlei and Büchs 2001; Anderlei et al. 2004] with a filling volume of 10 mL. 
Commercial versions of the RAMOS device are available from Kuhner AG, Switzerland or 
HiTec Zang GmbH, Germany. The cultures were grown at 37 °C using an orbital shaker (ES-
X Lab-Shaker, Kuhner AG, Switzerland) with a shaking diameter of 50 mm and a shaking 
frequency of 350 rpm. For the first precultivation, 10 mL of TB medium were inoculated with 
100 µL from a cryoculture. As illustrated in Figure 2.1, cultures were grown for 3 h and then 
harvested at an OTR of 40-50 mmol/L/h. For the second precultivation, 10 mL of Wilms-
MOPS mineral medium were inoculated with culture broth from the first precultivation. The 
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initial optical density (OD) was set at 0.1. Cultures were grown for 5 h and were harvested at 
an OTR of 25-35 mmol/L/h. 
 
2.5.3 Main cultivations 
The main cultivations were carried out in Wilms-MOPS mineral autoinduction medium in 
parallel in the RAMOS device, separate shake flasks for generating samples for offline 
analysis, and the BioLector device (Figure 2.1). A master mix was inoculated with culture 
broth from the second precultivation with an initial OD of 0.1, and was distributed among the 
different cultivation systems. 
 
2.5.4 RAMOS cultivations 
The Respiration Activity MOnitoring System (RAMOS) [Anderlei et al. 2004] enables the 
online measurement of the Oxygen Transfer Rate (OTR) as an indicative parameter for 
growth and metabolic activity of the investigated organisms. RAMOS cultivations were 
carried out in modified 250 mL flasks [Anderlei and Büchs 2001] in the RAMOS device with 
10 mL filling volume. Moreover, cultivations were performed at 37 °C using an orbital shaker 
with a shaking diameter of 50 mm and a shaking frequency of 350 rpm. 
 
2.5.5 Shake flask cultivations  
Shake flask cultivations were carried out in conventional 250 mL Erlenmeyer flasks with 
10 mL filling volume under identical cultivation conditions as described for the RAMOS 
cultivations. The culture broth from separate shake flasks was taken at different time points of 
the cultivation to measure various cultivation parameters, as carbon source concentrations via 
HPLC, optical density (OD), recombinant product via SDS-PAGE, pH-value, BSLA activity, 
plasmid copy number and mRNA content via qPCR, or metabolome analysis via LC/MS.  
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2.5.6 Microtiter plate cultivations 
Microtiter plate cultivations were conducted in 48-well Flowerplates (m2p-labs GmbH, 
Germany) in the BioLector device [Samorski et al. 2005; Kensy et al. 2009] which allows an 
online measurement of biomass and product formation per volume. Each well is irradiated 
with light of a defined wavelength (excitation), so that the backscattered light (indicator for 
biomass) or fluorescence (indicator for fluorescent products) is detected and analyzed. Here, 
following wavelengths were applied: excitation 450 nm, emission (fluorescence) 495 nm, 
scattered light 620 nm. The filling volume was set at 1 mL. All cultivations were performed at 
37 °C using an orbital shaker with a shaking diameter of 3 mm. The shaking frequency within 
Chapter 4 was set at 1500 rpm. To later on enlarge the range of the DOT, the shaking 
frequency was reduced to 1000 rpm in Chapter 5. Despite the reduced shaking frequency an 
oxygen limitation could be totally prevented and unlimited growth could be ensured. Thus, 
comparable cultivation conditions could be provided among the three cultivations systems. 
 
2.6 Offline analysis 
For offline analysis, samples were taken from conventional shake flasks sealed with cotton 
plugs and cultivated in parallel under the same conditions as the RAMOS flasks. 
 
2.6.1 Carbon source concentrations 
The concentrations of the carbon sources glucose, lactose, and glycerol were determined by 
high performance liquid chromatography (HPLC, Ultimate, Dionex, Germany), equipped 
with an organic acid resin column (250 x 8 mm, CS Chromatographie Service, Germany). 
The eluent was 5 mM H2SO4 at a flow rate of 0.8 mL/min and 60 °C. Peaks were detected by 
recording the refractive index (Shodex RI-101, Shodwa Denko Europe, Germany).  
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2.6.2 Optical density 
Cell density was quantified by measurement of optical density at a wavelength of 600 nm 
(OD) in 1 cm cuvettes in a photometer (Genesys 20, Thermo Scientific, Germany) in 
duplicates. Samples were diluted with fresh medium to keep OD in the linear range between 
0.1-0.5. Fresh cultivation medium was used as blank. 
 
2.6.3 Recombinant protein 
The recombinant protein (BSLA) was analyzed by sodium dodecylsulfate polyacrylamide gel 
electrophoresis (SDS-PAGE). Either total protein based on biomass or soluble and insoluble 
fractions based on volume were determined.  
 
2.6.3.1 Total protein 
For total protein, first the OD of the culture was measured. After centrifugation and removal 
of the supernatant, the OD was set at 5 by adding a 3:1-mixture of water and four-fold 
concentrated NuPAGE LDS Sample Buffer (Invitrogen, Germany). The suspension was 
shaken in a thermo shaker at 1000 rpm and 70 °C for 10 min. For analysis, the SDS-PAGE 
device (Invitrogen, Germany) was equipped simultaneously with up to two gels (4-12 % Bis-
Tris, Invitrogen, Germany). A volume of 20 µL of the prepared samples and 15 µL of the 
protein marker (Roti-Mark Standard, Roth, Germany) were transferred to the gel. The running 
process was operated according to the manufacturer’s instructions (running time 35 min, 
maximum current 200 V, and maximum power 0.25 W). The gels were stained overnight in 
Roti-Blue staining solution (Roth, Germany) under gentle shaking at room temperature and 
destained with 25 % methanol for 2 h. Target protein content relative to the total cellular 
protein was determined after electrophoresis by densitometry within the TotalLab TL100 
(TotalLab Ltd, UK) software using one-dimensional gel analysis: lanes were created 
automatically; background was subtracted using the rolling ball method with a radius of 100; 
and detection of protein bands was accomplished with a minimal slope of 100. 
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2.6.3.2 Soluble and insoluble protein 
For determining the soluble and insoluble protein fractions, a cell pellet from 200 µL culture 
broth was suspended in 300 µL of BugBuster Protein Extraction Reagent (Novagen, Merck, 
Germany) with added DNase I (25 U/mL; Applichem, Germany) and lysozyme (1000 U/mL; 
Roth, Germany). The suspension was incubated at room temperature under gentle shaking for 
20 min and subsequently centrifuged at 14000 rpm at 4 °C for 20 min. Afterwards, the 
supernatant containing the soluble protein was transferred to a new reaction tube, while the 
pellet containing the insoluble protein was suspended in 300 µL water. Sample volumes of 
60 µL of either the supernatant or the suspended pellet, were mixed with 20 µL of four-fold 
concentrated sample buffer and shaken in a thermo shaker at 1000 rpm and 70 °C for 10 min. 
The gel loading (4-12 % Bis-Tris, Invitrogen, Germany), the running process, as well as the 
gel staining were performed as described above for the determination of total protein. After 
electrophoresis, the ratio of insoluble to soluble protein fraction was determined using 
densitometry within the TotalLab TL 100 (TotalLab Ltd, UK) software. The peak areas of the 
respective protein bands from insoluble and soluble protein fraction referring to a standard 
band from protein marker (43 kDa; Roti-Mark Standard, Roth, Germany) were analyzed and, 
in Chapter 4, the ratio of insoluble to soluble protein fraction was calculated (Table 4.2).  
 
2.6.4 pH-value 
The pH-value was measured using an InLab Easy pH electrode (Mettler Toledo, Germany) 
with a CyberScan pH 510 meter (Eutech Instruments, Thermo Scientific, Germany). 
 
2.6.5 BSLA activity 
BSLA activity was determined in cell pellets obtained from 5 mL culture broth suspended in 
1 mL BugBuster Protein Extraction Reagent (Novagen, Merck Germany) with added DNase I 
(25 U/mL; Applichem, Germany) and lysozyme (1000 U/mL; Roth, Germany). The mixture 
was incubated at room temperature under gentle shaking for 20 min and centrifuged at 
14000 rpm at 4 °C for 20 min. BSLA activity was measured with colorless para-nitrophenol 
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butyrate (pNPB) as the substrate. A volume of 90 µL of 50 mM potassium phosphate buffer 
(pH 8) and 10 µL of the supernatant from protein extraction were filled into a well of a 96-
well microtiter plate and 100 µL of substrate solution composed of 2.63 µL pNPB, 1.5 mL 
acetonitrile, and 13.5 mL 50 mM potassium phosphate buffer (pH 8), was added. The reaction 
kinetics were monitored for 5 min through the increase in absorption at 410 nm caused by the 
release of yellow para-nitrophenolate from the substrate.  
 
2.6.6 HBD activity 
Volumetric activities of produced 3-hydroxybutyryl-CoA dehydrogenase (HBD) were 
determined at 70 °C by following the oxidation of NADH at a wavelength of 340 nm using a 
Uvikon 922A spectrophotometer (Kontron Instruments, Italy) equipped with a temperature-
controlled cuvette holder. Enzyme solutions containing HBD were prepared from E. coli cell 
pellet of 5 mL culture broth suspended in 1 mL Tris buffer (0.5 M, pH 8, RT) by heating for 
15 min at 70 °C. The heat treated cells were centrifuged for 20 min at 14.000 rpm obtaining 
the supernatant (enzyme solution). The reaction mixture for measurement of HBD activity 
contained appropriate amounts of enzyme solution (around 10 % v/v), 100 mM Tris buffer 
(pH 8, RT), 100 mM 2,5-hexanedione, and 0.2 mM NADH. In all assays, the reactions were 
started by addition of NADH. One unit (U) is defined as the amount of enzyme converting 
1 µmol cofactor per min. Temperature-dependent degradation of NADH was corrected. HBD 
activity was calculated per volume of culture broth. 
 
2.6.7 Metabolome analysis 
Sample preparation and metabolite extraction were performed according to Izumi et al.. For 
sample preparation, culture broth was filtered under vacuum suction. Filter-bound cells were 
frozen in liquid nitrogen to quench metabolism. Cell metabolites were extracted using 
methanol-water-chloroform (5:2:2) extraction, polar and nonpolar phase metabolites were 
separated and finally lyophilized before analysis [Izumi et al. 2015].  
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Cell extracts were analyzed according to by 1) pentafluorophenylpropyl (PFPP) stationary 
phase liquid chromatography (Discovery HS F5, 150 mm × 2.1 mm, particle size 3 µm, 
Sigma-Aldrich Corp., Germany) coupled with electrospray ionization (ESI) in positive and 
negative modes; and 2) reversed phase ion pairing liquid chromatography with a C18 column 
(CERI L-column2 ODS, 150 mm × 2.1 mm, particle size 3 µm, Chemicals Evaluation and 
Research Institute, Kyoto, Japan) coupled with ESI in negative mode, to a triple-quadrupole 
mass spectrometer (LCMS 8030 plus; Shimadzu, Japan) [Huang et al. 2015]. For 1), the 
mobile phases were 0.1 % formic acid (A) and acetonitrile with 0.1 % formic acid (B) at a 
flow rate of 0.2 mL/min. Concentration of B was increased from 0 % to 40 % and 80 % from 
1 to 11 min and 11 to 11.51 min, respectively, held until 12.1 min, decreased to 0 % from 
12.1 to 12.3 min, and then kept at 0 % until 15 min. Injection volume was 3 µL, and column 
oven temperature was kept at 40 °C. For 2), the mobile phases were 10 mM tributylamine and 
15 mM acetic acid in water (A) and methanol (B) at a flow rate of 0.3 mL/min. Concentration 
of B was increased from 0 % to 15 % from 1.0 to 2.0 min, kept for 2 min, increased 15 % to 
50 %, 55 % and 100 % from 4.0 to 9.0 min, 9.0 to 11.5 min and 11.5 to 12.0 min, 
respectively, held for 1 min, decreased to 0 % until 13.5 min, and then kept at 0 % until 
18 min. Injection volume was 3 µL, and column oven temperature was kept at 45 °C. 
Common MS parameters for both 1) and 2) were as follows: probe position was +1.5 mm, 
desolvation line temperature was 250 °C, drying gas flow was 15 L/min, and heat block 
temperature was 400 °C. Nebulizer gas flow was 3 L/min and 2 L/min for 1) and 2), 
respectively. Other MS parameters were determined by auto-tuning. All analyzed compounds 
are listed in Appendix 22. 
 
2.6.8 Plasmid copy number 
The copy number of plasmids per genome copies was determined by real-time quantitative 
polymerase chain reaction (qPCR) [Lee et al. 2006]. Two primer sets specific to the β-
lactamase gene (bla) and to the T7 RNA polymerase gene (T7 gene 1) were designed using 
the Primer3 web server [Rozen and Skaletsky 2000]. The primer sequences are shown in 
Table 2.3 (synthetized by eurofins MWG Operon, Germany). Total DNA extraction from 
culture broth was performed using the QIAamp DNA Mini kit (Qiagen, Germany), following 
a method for bacterial cells described in the manual. The concentration of extracted DNA was 
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quantified using a NanoDrop 2000c instrument (Thermo Scientific, Germany) and diluted to 
2 ng/µL. The qPCR mixture was prepared using Power SYBR Green PCR Master Mix 
(Applied Biosystems, Life Technologies, Thermo Fisher Scientific, Germany). The thermal 
cycling protocol was performed according to manufacturer’s instructions on a Mastercycler ep 
realplex (Eppendorf, Germany). The thermal cycling steps were as follows: initial 
denaturation at 95 °C for 10 min followed by 40 cycles of 15 s at 95 °C and 1 min at 60 °C. 
After the amplification, a melting curve analysis with a temperature gradient from 60-95 °C 
was performed to confirm that only specific products were amplified. The relative 
quantification referring to genome copies was performed by the ∆∆CT method [Livak and 
Schmittgen 2001].  
 
Table 2.3. Primer sequences used for qPCR in Chapter 4 
Target Primers (5’  3’)1  Length 
(nt) 
Primer 
postion 
Product size 
(bp) 
bla F: AGTTCTGTCTCGGCGCGTCT 20 1331-1350 96 
 R: ACTCCAGTCGCCTTCCCGTT 20 1426-1445  
T7 
gene 1 
F: AGGACTGCTTACGCTGGCGA 20 1488-1507 116 
R: TGATGCGCTCAGGGAACGGA 20 1603-1622  
1 F and R indicate forward and reverse primers, respectively 
 
2.6.9 Relative transcript abundances 
Total RNA was purified from E. coli cells grown in Wilms-MOPS mineral autoinduction 
medium. Cells were harvested from 1 mL of the suspension culture after centrifugation using 
a Sigma 1-15K centrifuge at 21918 g. RNA was extracted from bacterial cells using 
peqGOLD RNA Pure (Peqlab, Germany) according to the manufacturer’s instructions and 
RNA concentration was determined with a NanoPhotometer P330 (Implen, Germany). 
Relative transcript abundance was determined via reverse-transcription quantitative PCR (RT-
qPCR) performed on an ABI 7300 Real-Time PCR System (Applied Biosystems, Life 
Technologies, Germany). Prior to reverse transcription, 1 µg RNA was treated with RNase-
free DNaseI for digestion of contamination with genomic DNA. The cDNA was synthesized 
with RevertAid Reverse Transcriptase and random nonamer primers (Metabion GmbH, 
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Germany). DNaseI and RevertAid Reverse Transcriptase were purchased from Thermo Fisher 
Scientific Bioscience GmbH, Germany. RT-qPCR was performed with gene specific primer 
sequences for cysG, bla and lipA (Table 2.4) designed with Primer3Plus [Untergasser et al. 
2007] and synthesized by Eurofins MWG operon, Germany. The reference gene cysG was 
chosen based on its stable expression in recombinant over-expression studies [Zhou et al. 
2011]. Amplification was carried out using SYBR Green qPCR SuperMix-UDG with ROX 
(Invitrogen, Life Technologies, Germany) with cycling conditions as follows: Initial 
activation cycle at 50 °C for 2 min and denaturation at 95 °C for 10 min, 40 cycles of 15 s at 
95 °C and 1 min at 60 °C. For determination of product specificity, a melt-curve analysis was 
performed and products were sequenced (Sequence Laboratories Göttingen GmbH, 
Germany). Relative transcript abundance of target genes relative to the reference gene was 
determined using (2(Ct(reference) – Ct(target))) [Livak and Schmittgen 2001]. 
 
Table 2.4. Primer sequences used for qPCR in Chapter 5 
Target Primers (5’  3’)1  Length (nt) Product size (bp) 
bla F: CCGGCGTCAATACGGGATAA 20 94 
 R: TCCTTGAGAGTTTTCGCCCC 20  
cysG F: GCTTCTGGTTGCTCTGCCTA 20 100 
 R: GCTCGCCACCGGTTTTTAAG 20  
lipA F: TTGACGACAGGCAAGGCG 18 92 
 R: TTCATGACAATCATATCGGCACT 23  
1 F and R indicate forward and reverse primers, respectively 
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Chapter 3 
3Systematic characterization of different T7-based E. coli 
host strains for recombinant protein production using 
online respiration activity measurement 
Escherichia coli is commonly used as prokaryotic expression host for the production of 
recombinant proteins. Due to the great diversity of genetically modified expression hosts, 
selecting an appropriate host strain is laborious and time-consuming. Therefore, an easy 
approach to systematically characterize E. coli host strains for recombinant protein production 
is highly desired.  
The high level production of plasmid-encoded proteins causes changes in the metabolic 
activity of the host organism [Bentley et al. 1990; Donovan et al. 1996; Hoffmann and Rinas 
2001]. Thus, the metabolic activity of the host organism is supposed to be a suitable 
parameter to reflect its capability to express heterologous genes and produce recombinant 
proteins. An appropriate device to determine the metabolic activity online in shake flasks is 
the Respiration Activity MOnitoring System (RAMOS) [Anderlei and Büchs 2001; Anderlei 
et al. 2004].  
Here, the qualification of online respiration activity measurement for selecting suitable 
expression hosts was investigated. Seven commonly applied T7-based E. coli host strains (see 
Section 1.1.2, Table 1.1) producing two recombinant model enzymes, namely the lipase from 
the mesophilic bacterium Bacillus subtilis (BSLA, see Sections 1.2 and 2.2) and an 
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oxidoreductase from the thermophilic bacterium Thermus thermophilus (see Section 2.2), 
were compared during cultivation under non-inducing and inducing conditions.  
This project was performed in cooperation with Sylvia Diederichs and this chapter is partly 
submitted for publication in Microbial Cell Factories (Rahmen et al., May 2015). 
 
3.1 Host strain characterization using RAMOS 
For a first comparison and characterization of the seven investigated T7-based E. coli host 
strains (Section 1.1.2, Table 1.1), RAMOS cultivations were performed in Wilms-MOPS 
mineral cultivation media under non-inducing as well as under inducing conditions (Figure 
3.1). For cultivations under inducing conditions, two induction methods were used: 
autoinduction using lactose and induction with IPTG which is commonly used in small-scale 
cultivations. For IPTG induction, concentrations in the range of 0.1-1.0 mM are usually 
applied [Donovan et al. 1996]. However, Huber et al. presented an example of a protein 
produced by E. coli BL21(DE3) where the optimal IPTG concentration was between 0.05-
0.1 mM, since higher concentrations led to a strong inhibition and a metabolic break down of 
the host organism [Huber et al. 2009b]. Therefore, an IPTG concentration of 0.1 mM was 
chosen for all experiments using IPTG induction. The induction time point was set at 3 h in 
order to achieve comparable conditions to cultivations under autoinduction.  
All seven T7-based E. coli host strains expressed the lipA target gene encoding the BSLA. By 
analyzing the metabolic activity of the different host strains, information about protein 
production and, therewith, about the suitability of the respective host strain for recombinant 
protein production should be provided.  
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Figure 3.1. Comparison of seven different T7-based E. coli host strains producing BSLA during 
cultivation in Wilms-MOPS mineral media under non-inducing and inducing conditions  
Oxygen transfer rate (OTR) as function of time for the seven E. coli strains (A) BL21(DE3), (B) 
C41(DE3), (C) Rosetta(DE3), (D) HMS174(DE3), (E) Tuner(DE3), (F) ER2566, and (G) 
JM109(DE3) producing BSLA during the cultivation in Wilms-MOPS medium (WM, open symbols), 
Wilms-MOPS medium with IPTG induction (0.1 mM IPTG after 3 h; WM+IPTG, half-open symbols), 
and Wilms-MOPS autoinduction medium (WM+Lac, closed symbols). Cultivation conditions: 37 °C, 
250 mL flasks, filling volume 10 mL, shaking frequency 350 rpm, and shaking diameter 50 mm. 
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In non-inducing Wilms-MOPS mineral medium (Figure 3.1, open symbols), all strains show a 
very similar respiration behavior. The small drop in the OTR after 3 h is caused by the 
depletion of the preferred carbon source glucose. The subsequent exponential increase in OTR 
caused by growth on glycerol is followed by a sharp drop to 0 mmol/L/h due to the depletion 
of all available carbon sources. BL21(DE3) reaches a maximum OTR of 55 mmol/L/h after 
4.5 h (Figure 3.1A). The strains C41(DE3), Rosetta(DE3), Tuner(DE3), and ER2566 reach 
slightly lower maximum OTR values of 44-54 mmol/L/h after 5-6.5 h (Figure 3.1B, C, E, and 
F). The E. coli strains HMS174(DE3) and JM109(DE3) show slower initial growth reaching a 
further reduced maximum OTR of 35-40 mmol/L/h after 8-9 h (Figure 3.1D and G). The 
reduced respiration of HMS174(DE3) and JM109(DE3) is probably due to their derivation 
from the K-12 cell line. Yoon et al. already described that K-12 strains grow slower in 
mineral medium than B strains [Yoon et al. 2012]. Altogether, the OTR curves of the 
investigated E. coli host strains resemble the typical unlimited growth of E. coli in non-
inducing mineral medium [Huber et al. 2011]. 
Compared to growth in non-inducing Wilms-MOPS medium, the induction with IPTG after 
3 h (Figure 3.1, half-open symbols) leads to a delayed initial increase in OTR for all 
investigated host strains. Subsequently, BL21(DE3), Rosetta(DE3), Tuner(DE3), and ER2566 
show a phase of constant OTR varying between 4 h (Tuner(DE3)) and 9.5 h (Rosetta(DE3), 
Figure 3.1A, C, E, and F). According to the results presented later on in Chapter 4, we expect 
this phase to be due to metabolic burden during protein production. After this phase, growth is 
possible again and, thus, the OTR increases exponentially. The maximum OTR reached under 
IPTG induction is distinctly lower than under non-inducing conditions. With depletion of all 
carbon sources, the OTR drops to 0 mmol/L/h. After the initial OTR increase, the strain 
HMS174(DE3) shows a very long phase of a constant OTR close to 0 mmol/L/h (Figure 
3.1D). Even after 20 h of cultivation, only low respiration can be detected indicating strong 
metabolic burden during protein production [Hoffmann and Rinas 2001; Kunze et al. 2012]. 
In contrast to the behaviors described above, the strains C41(DE3) and JM109(DE3) are 
hardly influenced by induction (Figure 3.1B and G). The maximum OTR values of non-
inducing and IPTG inducing conditions are nearly identical. The time of active respiration 
only differs in a time shift of about 1-2 h. No phase of constant OTR can be determined and, 
thus, no metabolic burden can be deduced. 
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The OTRs of the E. coli strains during cultivation in Wilms-MOPS autoinduction medium 
(Figure 3.1, closed symbols) also indicate differences in growth behavior. BL21(DE3) and 
Rosetta(DE3) show an increase in OTR to 11 mmol/L/h after 5.5 h and 8 h, respectively 
(Figure 3.1A and C). Subsequently, the OTR remains almost constant until 9.5 h for 
BL21(DE3) and 12 h for Rosetta(DE3). As will be presented later on, during this phase 
glycerol and lactose are taken up. Lactose acts as the inducer of the protein production. Thus, 
the metabolic burden as result of strong protein overeproduction is assumed to explain the 
observed plateau at low OTR values. After the depletion of lactose, the residual glycerol is 
consumed. This leads to another exponential OTR increase to the maximum OTR which is 
again lower compared to non-inducing conditions. With the depletion of all carbon sources, 
the OTR typically drops to 0 mmol/L/h. Similar to its growth under IPTG induction, the host 
strain HMS174(DE3) exhibits a very long phase of constant OTR close to 0 mmol/L/h after 
the initial increase (Figure 3.1D). This is most likely caused by strong metabolic burden 
during protein production. For this strain, no increase in respiration can be detected until the 
end of cultivation. These results agree with those already reported by Kunze et al for 
cultivation in complex autoinduction medium [Kunze et al. 2012]. In contrast, the host strains 
C41(DE3), Tuner(DE3), ER2566, and JM109(DE3) do not show an explicit response to 
autoinduction (Figure 3.1B, E, F, and G).  
In summary, the E. coli host strains BL21(DE3) and Rosetta(DE3) show a phase of metabolic 
burden indicated by a constant OTR after induction with IPTG as well as after autoinduction 
(Figure 3.1A and C). Rosetta(DE3) was derived from BL21(DE3) and was optimized for the 
production of eukaryotic proteins containing codons rarely used in E. coli [Casali 2003]. 
Since the BSLA is encoded by a prokaryotic gene (lipA) derived from B. subtilis, the main 
feature of Rosetta(DE3) did not benefit the production of recombinant protein compared to 
the production in BL21(DE3). This might explain the similar respiration behavior of these 
two host strains. The strain C41(DE3) does not show any metabolic burden (Figure 3.1B), 
neither in Wilms-MOPS autoinduction medium nor after induction with IPTG. One 
explanation might be its design as robust expression host for the overproduction of toxic or 
membrane proteins [Miroux and Walker 1996; Wagner et al. 2008]. Alternatively, the protein 
production might be lower compared to the other host strains investigated. This will be further 
analyzed in the next section. The strains Tuner(DE3) and ER2566 show a strong response to 
IPTG induction suggesting strong protein formation (Figure 3.1E and F), whereas 
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JM109(DE3) does not show any indication of protein production (Figure 3.1G). The similar 
OTRs of Tuner(DE3), ER2566, and JM109(DE3) during cultivation in Wilms-MOPS 
autoinduction medium can be explained by the fact that those strains are not able to use 
lactose as inducer of the expression system. In those host strains, genes encoding enzymes 
involved either in transport or in conversion of lactose are deleted. As a result, lactose can 
neither be hydrolyzed nor converted into the physiological inducer allolactose [Donovan et al. 
1996]. HMS174(DE3) exhibits the strongest reaction to protein production (Figure 3.1D). 
Within 20 h of cultivation, the OTR remains near 0 mmol/L/h and no further respiration is 
detectable. Only by extending the cultivation time (Appendix 1), an OTR increase on residual 
glycerol after the depletion of lactose as inducing compound can be detected. In Wilms-
MOPS autoinduction medium, the cultivation ends with the depletion of glycerol after about 
25 h indicated by the typical sharp drop in OTR. Under IPTG induction, only the increase in 
OTR can be monitored within 40 h of cultivation, suggesting an even longer time of active 
respiration. In contrast to the other five investigated host strains, JM109(DE3) and 
HMS174(DE3) originally derive from E. coli K-12. Both host strains have a slow initial 
respiration activity in common, but differ tremendously in their behavior under inducing 
conditions. JM109(DE3) revealed the slowest growth rate of all strains without visible 
metabolic burden, whereas HMS174(DE3) exhibited the strongest response to the induction 
of BSLA production. The explanation for the quite different behavior of these K-12 derived 
host strains might be that JM109(DE3) is a representative host strain for cloning procedures 
and production of plasmid DNA [Casali 2003]. HMS174(DE3) is, by contrast, a strain 
designed for overproduction of recombinant proteins [Marisch et al. 2013b]. 
It was further evaluated if the observed differences in the OTR profiles of the seven host 
strains are restricted to recombinant BSLA production, or if they generally arise during the 
production of any recombinant protein. Therefore, the production of a 3-hydroxybutyryl-CoA 
dehydrogenase from Thermus thermophilus (HBD) was investigated [Yokoyama et al. 2000]. 
An overview of all strains producing HBD during cultivation in non-inducing and 
autoinducing Wilms-MOPS mineral medium is given in Appendix 2. Very similar to the 
results presented for BSLA, the host strains C41(DE3), Tuner(DE3), ER2566, and 
JM109(DE3) encoding HBD do not show any indication of protein production within their 
OTR profile. HMS174(DE3) has a long phase of constant OTR at a very low level until 16 h 
of cultivation. Then, the OTR starts to increase again. Both, BL21(DE3) as well as 
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Rosetta(DE3), show phases of constant OTR hinting at considerable recombinant protein 
production. Thus, a changed metabolism after induction is also visible in the OTR plateaus of 
host strains producing HBD as target protein. 
 
3.2 Qualitative relation between respiration activity and 
recombinant protein expression 
To further evaluate the behavior of all seven host strains under inducing conditions and to 
analyze the relation between respiration behavior and recombinant BSLA production, 
additional RAMOS cultivations with parallel offline sampling were performed. Offline 
sampling was carried out to support and confirm the conclusion drawn on the basis of the 
OTR data. Figure 3.2 presents a detailed characterization of the four host strains that are 
inducible with lactose (BL21(DE3), C41(DE3), Rosetta(DE3), and HMS174(DE3)) during 
cultivation in Wilms-MOPS autoinduction medium. The host strains that are not inducible 
with lactose (Tuner(DE3), ER2566, and JM109(DE3)) did not show any protein production in 
this medium.  
In Figure 3.2A, all four investigated E. coli host strains exhibit a respiration similar to the 
OTR curves presented in Figure 3.1. While C41(DE3) is not affected by the autoinducing 
conditions, BL21(DE3) and Rosetta(DE3) exhibit phases of constant OTR indicating 
recombinant protein production. For HMS174(DE3), the metabolic burden is even stronger 
resulting in a very low OTR level during the 20 h of cultivation. 
The optical density (OD, Figure 3.2B) matches the respiration behavior. For C41(DE3), 
BL21(DE3), and Rosetta(DE3), the OD increases simultaneously with the OTR and remains 
constant after the OTR drops to 0 mmol/L/h. The OD of HMS174(DE3) only increases within 
the first 5 h of cultivation and subsequently remains constant at a low value below 2.  
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Figure 3.2. Detailed characterization of four different E. coli host strains producing BSLA 
during cultivation in mineral Wilms-MOPS autoinduction medium 
Online and offline analysis of four E. coli host strains BL21(DE3), C41(DE3), Rosetta(DE3), and 
HMS174(DE3), producing BSLA during the cultivation in mineral Wilms-MOPS autoinduction 
medium. (A) Oxygen transfer rate (OTR), (B) optical density (OD600), (C) volumetric BSLA activity, 
(D) protein content of the target protein per total protein of the cell (Prec/Ptot), (E) glycerol 
concentration, (F) lactose concentration, and (G) pH-value as function of time. Cultivation conditions: 
37 °C, 250 mL flasks, filling volume 10 mL, shaking frequency 350 rpm, and shaking diameter 
50 mm. 
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The carbon source consumption is directly correlated with respiration behavior and cell 
density (determined as OD). C41(DE3) metabolizes glycerol (Figure 3.2E) and lactose 
(Figure 3.2F) simultaneously. Both carbon sources are depleted after 8 h when the time of 
active respiration of this strain ends. BL21(DE3) and Rosetta(DE3) consume lactose faster 
than glycerol after their initial growth on glucose. During the phase of lactose consumption, 
the protein production is induced resulting in a constant OTR profile. After depletion of 
lactose, the residual glycerol is consumed leading to another short increase in OTR and OD. 
For HMS174(DE3), only about 1 g/L of glycerol (from originally 5 g/L) and 1.5 g/L of 
lactose (from originally 2 g/L) are consumed after 20 h of cultivation. The predominant 
consumption of lactose is reflected by the long phase of constant OTR suggesting a phase of 
strong protein production. According to the cultivation of HMS174(DE3) over 40 h 
(Appendix 1), another increase in OTR and OD on the residual glycerol is assumed after the 
depletion of lactose. 
For all host strains, only a minor decrease in pH-value can be detected due to the well-
buffered cultivation medium (Figure 3.2G). The time point of lowest pH-value roughly fits to 
the end of active respiration of the respective host strains.  
The protein production of the four investigated E. coli host strains was determined via 
volumetric BSLA activity and the ratio of recombinant protein per total protein (Prec/Ptot). The 
BSLA activities (Figure 3.2C) of all investigated host strains are rather low with maximum 
values between 0.13 U/mL (BL21(DE3) and C41(DE3)) and 0.07 U/mL (HMS174(DE3)). 
For Rosetta(DE3), the further increase from 0.1 U/mL to nearly 0.2 U/mL after 15 h might be 
assigned to a measuring error since the time of active respiration was already completed. 
Hence, the amount of active enzyme is in the same range for all investigated host strains. The 
volumetric BSLA activity is measured in the soluble protein fraction. Therefore, it records 
only a certain part of the produced recombinant protein, since BSLA is mainly produced in 
inclusion bodies (see Chapter 4 and Appendix 3). 
The ratio of recombinant protein (BSLA) per total protein (Figure 3.2D) was measured by 
densitometry from whole-cell extract. HMS174(DE3) reaches a content of nearly 55 % BSLA 
per total cell protein within 20 h of cultivation. BL21(DE3) and Rosetta(DE3) start their 
protein production a little later than HMS174(DE3) and result in maximum BSLA contents of 
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44 % and 40 % after 10 h and 13 h, respectively. C41(DE3) hardly produces any target 
protein during the entire cultivation.  
For BL21(DE3) and Rosetta(DE3), BSLA activity and target protein content are in 
accordance. HMS174(DE3) shows the highest BSLA content whereas its BSLA activity is the 
lowest. This can be explained by the very low biomass concentration of this strain. 
HMS174(DE3) produces the most protein per biomass. However, due to its very low OD the 
volumetric target protein yield is still low. For C41(DE3), the target protein content is quite 
low. Nevertheless, BSLA activity is detectable. This can be explained by the fact that this 
strain indeed produces less but mostly soluble and active protein as visible in the SDS-PAGE 
analysis with separated soluble and insoluble protein fractions (Appendix 3). This SDS-PAGE 
generally reveals that the BSLA is mostly produced in an insoluble form under the 
investigated conditions. The fraction of soluble and active protein is comparable in all host 
strains. Therefore, the ratio of recombinant (soluble and insoluble) protein per total protein is 
a good indicator to determine the suitability of a strain for the production of a desired 
recombinant protein.  
After a detailed analysis of OTR and offline data of the four investigated E. coli host strains, it 
can be concluded that the OTR profile not only gives information about carbon source 
consumption and growth, but also about the biomass-specific target protein production. Thus, 
the biomass-specific protein production of different host strains can be compared and 
evaluated in mineral cultivation media. A long phase of constant OTR, hints at the production 
of high amounts of target protein per biomass. A very low level of the OTR (e.g. observed for 
HMS174(DE3)) indicates a very low biomass concentration resulting in a low volumetric 
target protein yield. In this case, adapting the cultivation conditions and media composition to 
achieve higher initial biomasses could enhance recombinant protein yield (see Chapter 6, 
Figure 6.1). In contrast, an undisturbed exponential increase in the OTR (e.g. C41(DE3)) 
reflects that energy sources are mainly converted into biomass while almost no protein is 
formed. The strains BL21(DE3) and Rosetta(DE3) that show good initial growth as well as a 
phase of protein production are qualified best (of the strains investigated in this work) for 
recombinant BSLA production in mineral Wilms-MOPS autoinduction medium.  
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A characterization of the four E. coli strains producing the HBD as target protein during 
cultivation in mineral Wilms-MOPS autoinduction medium is presented in Appendix 4. It 
should be emphasized that all correlations between OTR and offline data presented for BSLA 
producing strains are also valid during HBD production with the only difference that HBD is 
mainly produced as soluble protein (Appendix 3). 
After characterizing the four strains that are inducible with lactose during cultivation in 
autoinduction medium, it was analyzed if the correlations between online measured OTR and 
offline data are also valid for cultivations in mineral medium with IPTG induction. Therefore, 
the strains that are not inducible with lactose (Tuner(DE3), ER2566, JM109(DE3)) as well as 
the most commonly used host strain BL21(DE3) are investigated during their cultivation in 
mineral Wilms-MOPS medium with IPTG induction (Figure 3.3).  
With regard to the OTR (Figure 3.3A), all host strains investigated indicate similar respiration 
behaviors as already presented in Figure 3.1. While JM109(DE3) increases continuously until 
reaching its maximum OTR, the other three strains show phases of constant OTR indicating 
recombinant protein production after the initial increase in OTR. The OTR of Tuner(DE3) 
and JM109(DE3) finally drops after 10.5 h, the OTR of BL21(DE3) and ER2566 after 13 h. 
In contrast to autoinduction using lactose, IPTG is not metabolized during the cultivation. 
Therefore, the additional growth phase after the phase of metabolic burden might result from 
plasmid loss and subsequent growth and respiration of cells not carrying any plasmid 
[Marisch et al. 2013a]. 
The OD (Figure 3.3B) as well as the glycerol consumption (Figure 3.3E) correlate with the 
respiration behavior. The unaffected but slower growth of JM109(DE3) compared to 
Tuner(DE3) as well as the prolonged phases of metabolic burden of BL21(DE3) and ER2566 
are reflected. The K-12 strain JM109(DE3) is the only host strain producing acetate as 
byproduct (Figure 3.3F). As a result, the pH-value (Figure 3.3G) is lowest for JM109(DE3), 
whereby the pH-value only slightly decreases for all strains because of the well-buffered 
medium. The time point of reaching the minimum pH-value corresponds to the end of active 
respiration.  
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Figure 3.3. Detailed characterization of four different E. coli host strains producing BSLA 
during cultivation in mineral Wilms-MOPS medium with IPTG induction 
Online and offline analysis of four E. coli strains BL21(DE3), Tuner(DE3), ER2566, and JM109(DE3) 
producing BSLA during the cultivation in mineral Wilms-MOPS medium with IPTG induction 
(0.1 mM IPTG after 3 h). (A) Oxygen transfer rate (OTR), (B) optical density (OD600), (C) volumetric 
BSLA activity, (D) protein content of the target protein per total protein of the cell (Prec/Ptot), (E) 
glycerol concentration, (F) lactose concentration, and (G) pH-value as function of time. Cultivation 
conditions: 37 °C, 250 mL flasks, filling volume 10 mL, shaking frequency 350 rpm, and shaking 
diameter 50 mm. 
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The volumetric BSLA activity as well as the BSLA content are presented in Figure 3.3C and 
Figure 3.3D. Under IPTG induction, the protein production also correlates with the phase of 
constant OTR. The BSLA activity (Figure 3.3C) increases first for BL21(DE3), followed by 
ER2566 and Tuner(DE3). Thereby, BL21(DE3) reaches the highest activity with about 
0.19 U/mL. For ER2566, the maximum activity is slightly lower (0.16 U/mL). For 
Tuner(DE3), only half the activity of BL21(DE3) is detected. JM109(DE3) hardly shows any 
BSLA activity. The target protein contents of BL21(DE3) and ER2566 increase 
simultaneously for the first 5 h (Figure 3.3D). While ER2566 reaches a BSLA content of 
28 %, the BSLA content of BL21(DE3) increases further to a maximum of 33 %. The BSLA 
content of Tuner(DE3) increases slower, but results in the same maximum value as for 
ER2566 after 8 h. JM109(DE3) does not show any protein formation similar to results of a 
previous study [Shih et al. 2002]. 
In conclusion, the OTR also allows an estimation of recombinant protein production of the 
investigated E. coli host strains during the cultivation in mineral medium with IPTG 
induction. Thus, a qualitative relation between respiration behavior (visible phase of 
metabolic burden in OTR profile) and recombinant protein production could be identified. In 
general, also OD and glycerol concentration could be used to evaluate recombinant protein 
production. However, this would mean offline sampling and a high manual effort which 
should be avoided in future cultivations. Therefore, the application of online determined OTR 
is superior compared to other methods.  
As expected, the recombinant protein production of the E. coli host strains BL21(DE3), 
ER2566, and Tuner(DE3) is inducible with IPTG. Under the conditions investigated here, the 
host strain JM109(DE3) does not produce any BSLA at all, probably due to its design as 
cloning host [Casali 2003].  
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3.3 Quantitative correlation between respiration activity 
and recombinant protein production  
It was further investigated whether also a quantitative correlation between respiration activity 
and target protein production can be identified. For the qualitative analysis, the phase of 
constant OTR reflecting the metabolic burden during recombinant protein production was 
considered. In Chapter 4, the production of nearly identical proteins in the same host strain 
can be correlated with the cultivation duration. Here, due to the generally different conditions, 
this method could not be transferred to the host strain characterization. To also allow a simple 
quantitative estimation of recombinant protein production in various host strains, the 
differences between cultivations under non-inducing and inducing conditions are taken into 
account. Obvious differences are the phase of constant OTR and the maximum OTR values at 
the end of the cultivation. These differences might indicate recombinant protein production in 
the specific host strains. The duration of the constant OTR strongly depends on the biomass 
concentration reached before induction. Since the E. coli host strains investigated here differ 
in their growth characteristics, this parameter is not well-suited for a quantitative correlation 
(Appendix 6, Appendix 8). In contrast, the maximum OTR values at the end of the cultivation 
might be a good quantitative indicator for recombinant protein production. By determining 
the difference between the maximum OTR values from non-inducing and inducing conditions 
(∆OTR	), ∆OTR	 can be calculated as presented in Figure 3.4.  
As example, the cultivation of Tuner(DE3) in non-inducing and autoinducing Wilms-MOPS 
medium is shown in Figure 3.4A. Due to the absence of lactose permease, the presence of 
lactose in the medium cannot induce recombinant protein production for this strain. As a 
result, both OTR curves are almost identical and ∆OTR is negligible (2 mmol/L/h). In 
Figure 3.4B, the cultivation of BL21(DE3) in non-inducing and autoinducing Wilms-MOPS 
medium is depicted. Because of the high recombinant protein production (Figure 3.2D), the 
host cell metabolism is burdened. Therefore, the time of active respiration is prolonged and, 
as a result, the maximum OTR value is reduced in comparison to the non-inducing 
cultivation. As consequence, ∆OTR is high (29 mmol/L/h).  
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Figure 3.4. Difference between maximum OTR values from non-inducing and inducing 
cultivations 
(A) Cultivation of Tuner(DE3) in non-inducing Wilms-MOPS (WM) and Wilms-MOPS autoinduction 
medium (WM+Lac). (B) Cultivation of BL21(DE3) in non-inducing Wilms-MOPS (WM) and Wilms-
MOPS autoinduction medium (WM+Lac). Via the difference between the maximum OTR values from 
non-inducing and inducing cultivations (∆OTR), the suitability of an E. coli host strain for 
recombinant protein production can be deduced. The determined ∆OTR values are listed in Table 
3.1 for BSLA production under autoinduction and IPTG induction and in Appendix 5 for HBD 
production under autoinduction. 
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The ∆OTR values for all the investigated E. coli host strains are listed in Table 3.1 for 
BSLA production under autoinduction and IPTG induction. The values for HBD production 
under autoinduction are presented in Appendix 5.  
 
Table 3.1. BSLA production in the respective E. coli host strains in mineral Wilms-MOPS 
autoinduction medium and in mineral Wilms-MOPS medium with IPTG induction 
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lactose inducible (a)  + + + + - - - 
visible metabolic burden in OTR 
profile  + - + + - - - 
max. Prec/Ptot  [%] 44.3 2.0 39.0 54.4 0 0 0 
∆OTRmax (b) [mmol/L/h] 31±2 10±4 28±1 17±2 2±4 5±4 1±3 
IP
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-
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IPTG inducible (a)  + + + + + + + 
visible metabolic burden in OTR 
profile  + - + + + + - 
max. Prec/Ptot  [%] 32.7 n.d.(d) n.d. (d) n.d. (d) 29.7 28.0 0 
∆OTRmax (b) [mmol/L/h] 25±2 3±5 13±1 n.d.(c) 22±3 11±3 4±3 
(a)
 according to literature 
(b)
 difference in OTRmax between inducing and non-inducing cultivation conditions 
(c)
 n.d.: not determined; cultivation was terminated before reaching the maximum OTR under inducing conditions (according to 
Appendix 1) 
(d)
 n.d.: not determined; cultivations were performed without offline sampling 
 
In Figure 3.5, the maximum target protein content as function of ∆OTR (according to 
Figure 3.4, Table 3.1 and Appendix 5) is presented. Generally, a positive correlation was 
found for both, the soluble and insoluble produced model proteins. The higher the ∆OTR, 
the higher the maximum content of recombinant protein (Prec/Ptot). The regression line (R2 = 
0.85) is based on all cultivations with either BSLA or HBD production. The determined 
∆OTR values and their standard deviations from at least three replicate measurements are 
depicted for the cultivations under autoinduction (WM+Lac) or IPTG induction (WM+IPTG). 
For the host strain HMS174(DE3) producing HBD, the maximum OTR value under inducing 
conditions could not be determined within 40 h of cultivation (Appendix 1) and, therefore, no 
∆OTR value could be specified. The found correlation is in good agreement to the visual 
examination of the OTR profiles (Table 3.1 and Appendix 5) referring to the visible phase of 
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metabolic burden hinting at recombinant protein production. Further investigated correlations 
between the profile of the respiration activity and the recombinant protein production are 
presented in Appendices 6-10. For the BSLA production, BL21(DE3), Rosetta(DE3), 
HMS174(DE3), and Tuner(DE3) are generally suited host strains. BL21(DE3) and 
Rosetta(DE3) are appropriate host strains for the production of HBD as target protein. 
 
Figure 3.5. Correlation between maximum target protein content and difference between 
maximum OTR values from non-inducing and inducing cultivations 
Maximum target protein content as function of the difference between the maximum OTR values from 
non-inducing and inducing cultivations (∆OTR; according to Figure 3.4, Table 3.1, and Appendix 
5). The determined mean ∆OTR values and their standard deviations from at least three replicates 
are depicted for the cultivations under autoinduction (WM+Lac) and IPTG induction (WM+IPTG). 
Calculated regression line (R2 = 0.85) is based on all cultivations with either BSLA or HBD 
production. 
 
In conclusion, the differences between the maximum OTR values from non-inducing and 
inducing cultivations can be analyzed to evaluate the target protein content. Theus, ∆OTR 
allows a rough quantitative estimation of recombinant protein production without any 
laborious offline protein determination. 
 
48                           Systematic characterization of T7-based E. coli host strains using RAMOS 
 
 
3.4 Conclusion 
In this chapter, we could prove that online measurement of the respiration activity is perfectly 
suited to identify appropriate T7-based E. coli host strains for recombinant protein production. 
Seven commonly applied T7-based host strains producing either a recombinant lipase (BSLA) 
or a thermophilic oxidoreductase (HBD) were cultivated in mineral media using the RAMOS 
device. For evaluating recombinant protein production, the cultivations were performed under 
non-inducing and inducing conditions. 
As a result, only minor differences in respiration behavior among the seven host strains were 
obtained under non-inducing conditions. The respiration activity of K-12 strains was slightly 
reduced compared to B strains, resulting in reduced initial growth.  
In inducing mineral media, a qualitative as well as a quantitative correlation between online 
determined respiration activity and protein production could be verified for all investigated 
E. coli host strains. Visible phases of metabolic burden represented by a phase of constant 
OTR typically indicate strong recombinant protein production. In contrast, an exponential 
increase in OTR occurs due to the deficiency of the respective host strain in recombinant 
protein production. Therefore, the qualitative analysis of the OTR profile as function of time 
can be used to determine a successful IPTG- or autoinduction. A positive correlation between 
the maximum target protein content and the difference between the maximum OTR values 
from non-inducing and inducing cultivations (∆OTR) could be determined. High 
∆OTR values reflect high target protein production and, therewith, suitable host strains, 
whereas low ∆OTR values refer to the lack of recombinant protein production. Thus, the 
online measurement of the respiration activity allows a simple estimation of recombinant 
protein production without laborious offline protein determination as well as a first 
identification of suitable host strains. 
Here, E. coli BL21(DE3) was found to be best suited for BSLA production. Therefore, this 
strain was chosen for the further investigations regarding the influence of smallest differences 
within the heterologous gene sequence on recombinant protein production and the host cell 
metabolic activity (Chapters 4 and 5). Furthermore, Wilms-MOPS mineral autoinduction 
medium is chosen for all following main cultivations since induction is controlled by the host 
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metabolism and no manual inducer addition is required. Thus, cell growth and subsequent 
protein formation are automatically separated from each other.  
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Chapter 4 
4Exchange of single amino acids at different positions of a 
recombinant protein affects metabolic activity in 
Escherichia coli  
Since there is increasing evidence that screening cultures are not progressing in a synchronous 
and parallel manner [Kunze et al. 2012] this chapter aims to investigate whether a single 
amino acid exchange in a recombinant protein affects the metabolic burden phenomenon 
during recombinant protein production. Therefore, 15 E. coli BL21(DE3) clones producing 
either the fusion tags (His-LOV), a recombinant wild type lipase (His-LOV-BSLA), or 13 
different lipase (BSLA) variants were investigated. Each clone was named after the particular 
enzyme variant it produced (Table 2.2). Each variant contained a single amino acid exchange 
at a different position chosen randomly and distributed over the entire enzyme sequence of 
181 amino acids. In variant K23stop the natural amino acid at position 23 (lysine) was 
replaced by a stop codon leading to a truncated protein.  
To quantitatively analyze the respective effects of single amino acid exchanges on respiration, 
biomass and protein production, two small-scale online monitoring systems were applied. The 
first device was the Respiration Activity MOnitoring System (RAMOS) [Anderlei and Büchs 
2001; Anderlei et al. 2004] which enables the online measurement of the Oxygen Transfer 
Rate (OTR) as characteristic parameter for the metabolic activity of the bacteria. The second 
device was the BioLector [Samorski et al. 2005; Kensy et al. 2009] which measures scattered 
light and fluorescence to trace biomass and protein formation during the cultivation.  
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Experiments discussed in this chapter were performed by Nina Ihling (bachelor thesis, 2012) 
and Marzio Magni (master thesis, 2013). This chapter is partly published in [Rahmen et al. 
2015]. 
 
4.1 Precultivations under non-inducing conditions 
The precultivations under non-inducing conditions were consecutively performed in complex 
and mineral medium, respectively, to compare the respiration behavior and to determine the 
optimal OTR and time point for the inoculation of the subsequent culture. For the first 
precultivation, the investigated clones were cultivated in complex TB medium with glycerol 
as the main carbon source.  
As illustrated in Figure 4.1A, the OTR curves of all clones depict a quite similar respiration 
behavior. They show the typical growth of E. coli in TB medium as described earlier [Losen 
et al. 2004] and as also observed in other studies where E. coli was cultivated under similar 
conditions [Palmen et al. 2010; Kunze et al. 2012]. The exponential growth phase exhibits a 
maximum OTR of 65-80 mmol/L/h after 5 h of cultivation. The horizontal plateau indicates a 
phase of oxygen limitation. Subsequently, the sharp decrease in the OTR to a value of about 
10 mmol/L/h indicates the depletion of all original carbon sources. Some residual growth is 
attributed to the consumption of acetate as overflow metabolite as described in general [Luli 
and Strohl 1990; Ponce 1999] and in particular for TB medium [Losen et al. 2004]. In 
subsequent experiments, the first preculture was harvested during its exponential growth 
phase after 3 h at an OTR of 40-50 mmol/L/h (arrow in Figure 4.1A), and it was further used 
for the inoculation of the second preculture. 
The second preculture was cultivated in modified Wilms-MOPS mineral medium containing 
0.5 g/L glucose and 5 g/L glycerol as carbon sources. Figure 4.1B illustrates that all 
investigated E. coli clones depict the same respiration behavior. After a first initial increase, 
the OTR slightly decreases after 3 h due to the depletion of the preferred carbon source 
glucose (dotted line in Figure 4.1B). Afterwards, exponential growth on glycerol results in a 
maximum OTR of 55-65 mmol/L/h after 6.5 h. The subsequent plummeting of the OTR to 
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0 mmol/L/h indicates the exhaustion of all original carbon sources. Due to the defined 
composition of the cultivation medium, the low carbon source concentration, and the 
prevention of an oxygen limitation, no acetate formation was observed during the cultivation 
in Wilms-MOPS mineral medium. For subsequent experiments, the second preculture was 
harvested during its exponential growth phase after 5 h at an OTR of 25-35 mmol/L/h (arrow 
in Figure 4.1B), and was used for inoculating the main culture. 
 
Figure 4.1. Precultivations of 15 E. coli BL21(DE3) clones and an E. coli BL21(DE3) control 
without plasmid under non-inducing conditions 
Oxygen transfer rate (OTR) as a function of time for: (A) first preculture performed in complex TB 
medium, and (B) second preculture performed in Wilms-MOPS mineral medium. The arrows indicate 
the time points the cultures were harvested and used for inoculating the next cultivation step. The 
dotted line in (B) highlights the depletion of glucose. Cultivation conditions: 37 °C, 250 mL flasks, 
filling volume 10 mL, shaking frequency 350 rpm, and shaking diameter 50 mm. 
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The investigated E. coli clones bear plasmids with lipA genes encoding BSLA with different 
single amino acid exchanges. Here, the plasmids had no effect on E. coli metabolism under 
non-inducing conditions. According to literature, the plasmid pET22b(+) used here usually 
occurs with about 40 copies per cell [Held et al. 2003], thus, belonging to the high copy 
number plasmids. As will be presented later, 25 copies per genome could be measured under 
non-inducing conditions (Figure 4.6). In general, increased plasmid copy numbers can 
provoke decreasing growth rates [Seo and Bailey 1985; Mason and Bailey 1989; Birnbaum 
and Bailey 1991; Valenzuela et al. 1996]. Nevertheless, in comparison to E. coli BL21(DE3) 
not bearing any plasmid (Figure 4.1, Appendix 11) no effect on growth and, in consequence, 
no negative influence on metabolism were observed for the investigated clones during non-
inducing cultivations. This may be explained by the relatively small plasmid size which 
influences growth to a lesser extent than larger plasmids [Cheah et al. 1987; Smith and 
Bidochka 1998]. The small variation in the gene sequences of the studied clones had no 
influence on E. coli respiration behavior under non-inducing conditions. This suggests that the 
metabolism is not burdened, because an increase in copy number is not induced and the 
expression system used here is tightly controlled and not leading to any unintended 
recombinant protein production as previously described for expression studies using complex 
media [Grossman et al. 1998; Fu et al. 2006]. 
 
4.2 Cultivations under inducing conditions 
4.2.1 Influence of single amino acid exchanges and definition of two distinct 
types of respiration behavior 
For the main cultivation under inducing conditions using lactose as inducer, the 15 
investigated E. coli BL21(DE3) clones (Table 2.2) were cultivated in Wilms-MOPS mineral 
autoinduction medium to determine their respiration activity under inducing conditions. 
Figure 4.2 depicts the respective OTR curves of all clones as function of time obtained from 
2-6 independent replicate experiments.  
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Figure 4.2. Reproducibility of main cultivations of 15 E. coli BL21(DE3) clones under inducing 
conditions producing fusion tags, wild type BSLA, or different BSLA variants 
Oxygen transfer rate (OTR) as function of time obtained from 2-6 independent replicate experiments 
performed in Wilms-MOPS mineral autoinduction medium containing 0.5 g/L glucose, 2 g/L lactose 
and 5 g/L glycerol. According to their respiration behavior, the clones can be classified into Type A 
(white background) and Type B (grey background). The nine clones belonging to respiration behavior 
Type A reach an OTR of 15-20 mmol/L/h in both OTR peaks, whereas the six clones belonging to 
respiration behavior Type B increase up to only about 10 mmol/L/h in their first OTR peak and reach 
25-40 mmol/L/h in the second OTR peak. Cultivation conditions: 37 °C, 250 mL flasks, filling volume 
10 mL, shaking frequency 350 rpm, and shaking diameter 50 mm. 
 
Despite a similar respiration behavior of all clones cultivated under non-inducing conditions 
(Figure 4.1), Figure 4.2 shows highly reproducible differences among the clones with respect 
to respiration under inducing conditions. In contrast, an E. coli BL21(DE3) without plasmid 
delivers the expected identical respiration behavior as under non-inducing conditions 
(Appendix 11). The differences in respiration presented in Figure 4.2 resemble the behavior of 
clones that produce different recombinant proteins in complex autoinduction medium [Kunze 
et al. 2012]. To allow a better understanding of the metabolic processes during induction and 
protein production, a mineral autoinduction medium with a defined composition was used. To 
verify that the obtained differences in respiration (Figure 4.2) are not caused by the growth 
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medium itself, in one additional experiment all 15 E. coli BL21(DE3) clones were cultivated 
in complex autoinduction medium. Thereby, it could be shown that differences between the 
clones also arise during cultivation in complex autoinduction medium (Appendix 12). After 
an exponential increase in OTR within the first 3.5 h, the OTR of some clones (e.g. I12C, 
K23stop, S56P, G175F) further increases continuously until reaching a maximum. For other 
clones (e.g. A1W, F17P, G93Y, K170E) the OTR drops after a short constant phase and 
afterwards increases again. The clone His-LOV even shows a sharper decrease in OTR. After 
further 1.5 h, another increase to its maximum OTR is observed. The differences in complex 
autoinduction medium, though, are less pronounced than in mineral autoinduction medium. 
This can be explained by the fact that under the chosen cultivation conditions (equal to those 
in Figure 4.2), the cultures are oxygen limited over a wide range of the cultivation due to the 
very rich medium composition. In mineral autoinduction medium the differences between the 
investigated clones appear much clearer. Remarkably, significant differences in OTR occur 
even though the recombinant BSLA target proteins differ only in a single amino acid. These 
reproducible differences in the metabolic activity (Figure 4.2), thus, lead to the conclusion 
that even very small differences in the lipA gene sequence coding for the BSLA influence the 
host organism in quite different ways during cultivation under inducing conditions. Despite 
the diverse OTR patterns, the clones can be classified into two types of respiration behavior 
(Type A and Type B) according to their maximum OTRs and cultivation durations. Even 
though there seems to be a continuous change between the respiration behaviors of the 
investigated clones, the attempt for a classification is made, as this simplifies the discussion 
about the general differences observed. In former publications, E. coli clones producing 
different recombinant proteins were already classified according to growth and respiration 
[Lee and Ramirez 1992; Kunze et al. 2012]. As Figure 4.2 illustrates, all clones show an 
initial increase in OTR due to their growth on the preferred carbon source glucose. As already 
noticed from second precultivations (Figure 4.1B), after 3 h, the depletion of glucose leads to 
a small drop in the OTR, followed by a further increase to a first OTR peak after 5-6 h. The 
nine clones classified into respiration behavior Type A (Figure 4.2, white background) reach 
an OTR of 15-20 mmol/L/h, whereas the OTRs of the six clones belonging to respiration 
behavior Type B (Figure 4.2, grey background) increase up to only about 10 mmol/L/h. After 
a phase of decreasing or constant OTR of various lengths, all clones show an OTR increase 
until a second peak is reached at 15-20 mmol/L/h (Type A) or 25-40 mmol/L/h (Type B), 
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respectively. The end of the cultivation is indicated by the sharp drop in OTR. The cultivation 
takes 12-17 h (Type A) or 12-13 h (Type B), respectively.  
Besides the qualitative classification of the clones into two types of respiration behavior 
according to their OTR pattern, it was also possible to quantitatively classify Type A and 
Type B. As illustrated in Figure 4.3, the ratio between integral X (from the first OTR peak to 
the local minimum) and integral Y (from the minimum to the second peak) was calculated for 
all individual cultivations presented in Figure 4.2. As shown later, the integral X represents 
the phase of protein formation and Y the second growth phase on residual glycerol after 
lactose is depleted. The mean X/Y ratios of all investigated clones are presented in Table 4.1. 
 
Figure 4.3. Quantitative classification of 15 E. coli BL21(DE3) clones into Type A and Type B 
according to their respiration behavior 
Comparison of the respiration behavior (oxygen transfer rate) as function of time of Type A and Type 
B clones calculating the ratio between integral X (from first OTR peak to minimum) and integral Y 
(from minimum to second peak). Integral X represents the phase of protein formation; integral Y 
represents the second growth phase on residual glycerol. According to Table 4.1, the ratio X/Y is in 
the range of 1.4-2.4 for the nine clones specified in Figure 4.2 belonging to Type A, and in the range 
of 0.4-0.6 for the six clones belonging to Type B.  
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The X/Y ratio of the nine clones representing respiration behavior Type A is in the range of 
1.4-2.4, and in the range of 0.4-0.6 for the six clones belonging to respiration behavior Type 
B. The standard deviation varies between 0.4-7.9 %. To allow an easier classification of 
clones into Type A or Type B respiration behavior according to their X/Y ratio, a critical X/Y 
ratio is introduced Table 4.1. All clones exhibiting a ratio greater than 1.2 can be categorized 
into Type A respiration behavior, whereas clones with a ratio smaller than 1.2 can be 
classified into Type B. This critical X/Y ratio offers an easy way to distinguish between Type 
A and Type B clones in future cultivations. 
 
Table 4.1. X/Y ratio of Type A and Type B clones 
Ratio between integral X (representing protein production phase) and integral Y (representing second 
growth phase) determined for the 15 investigated E. coli BL21(DE3) clones according to Figure 4.3. 
For each clone, the X/Y ratio was calculated for all individual cultivations presented in Figure 4.2. The 
arithmetic mean as well as the standard deviation (in %) are presented.  
Type A clone 
Arithmetic 
mean X/Y ratio 
Standard 
deviation [%] 
Type B clone Arithmetic 
mean X/Y ratio 
Standard 
deviation [%] 
His-LOV 1.7  7.1 I12C 0.6 0.5 
Wild type 
enzyme (His-
LOV-BSLA) 
2.2 4.6 F17P 0.6 3.6 
A1W 2.2 7.9 G93Y 0.5 6.7 
H10D 1.4 2.0 V99K 0.5 0.4 
K23stop 1.5 2.9 L102W 0.4 4.5 
S56P 1.9 3.8 K170E 0.4 3.3 
D91R 1.4 2.5    
S167P 2.4 7.5    
G175F 1.4 1.8    
Type A 1.4 – 2.4  Type B 0.4 – 0.6  
Type A *  > 1.2  Type B * < 1.2  
*critical X/Y ratio for simplified classification between Type A and Type B clones.  
 
In the following, some first ideas about possible factors causing the different respiration 
behaviors of Type A and Type B clones will be examined. Preliminary data concerning 
metabolic costs for the amino acid biosynthesis, enzyme activity, plasmid copy number, 
formation of inclusion bodies, as well as the ratio of insoluble to soluble protein will be 
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presented and discussed. Thereby, our investigations should give a first hint at possible 
influencing factors without yet studying all parameters in detail.  
In addition to an identical host organism and expression system, all E. coli BL21(DE3) 
clones, except His-LOV and K23stop, express identical target proteins, that only differ in one 
single amino acid within the BSLA sequence (Table 2.2, Figure 1.1). In contrast to the 
example given by Palmen et al., no cofactor is necessary here for the target protein. 
Moreover, differences in a stringent-like response [Grossman et al. 1985; Harcum and 
Bentley 1993; Harcum 2002] could be predominantly prevented due to the exchange of just 
one amino acid. Nevertheless, reproducible differences in growth were observed and a 
classification into two types of respiration behavior was possible.  
To evaluate if increased or decreased energetic costs in amino acid biosynthesis cause the two 
different types of respiration behavior (Type A and Type B), all amino acid exchanges were 
examined separately according to Akashi and Gojobori. In Type A as well as in Type B 
clones, amino acids causing high energetic costs were replaced by amino acids causing lower 
costs (e.g. H10D for Type A, and F17P for Type B) and inexpensive amino acids were 
replaced by expensive ones (e.g. A1W for Type A, and L102W for Type B). Hence, 
metabolic costs of the amino acid biosynthesis could be excluded as a reason for the two 
presented types of respiration behavior. This statement is further supported by the exchange 
of a certain amino acid at a defined position (Gly46) that is replaced by several different other 
amino acids (Appendix 13) also resulting in different types of respiration behavior. The 
change in respiration activity of the different clones caused by a lack of a certain amino acid 
is also precluded e.g. by the clones S56P and F17P. In both cases, the wild type amino acid 
has been substituted by proline (P), resulting in an equally increased proline demand. 
Nevertheless, these two clones belong to different types of respiration behavior. Thus, a lack 
of proline cannot explain the different OTR patterns.  
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4.2.2 Comparison of respiration behavior Types A and B, and correlations 
between OTR, biomass and product formation 
The differences between Type A and Type B clones were further examined by determination 
of biomass (via scattered light) and product formation (via fluorescence) during cultivation in 
Wilms-MOPS mineral autoinduction medium. A comparison of OTR (using RAMOS), 
biomass and product formation (using BioLector) of the investigated clones is shown in 
Figure 4.4 (Type A: white background; Type B: grey background). In this way, two small-
scale online monitoring systems are combined with one another. The reproducibility of 
biomass and product formation with presentation of measured data points, arithmetic mean 
and standard deviation is depicted in Appendix 14 and Appendix 15, respectively.  
 
Figure 4.4. Comparison of 15 E. coli BL21(DE3) clones belonging to respiration behavior Type 
A and Type B cultivated under inducing conditions 
Oxygen transfer rate (top), biomass (middle) and product formation (bottom) as function of time for 
E. coli BL21(DE3) clones cultivated in Wilms-MOPS mineral autoinduction medium (Type A: white 
background; Type B: grey background). Clones producing active Bacillus subtilis lipase A (BSLA) are 
indicated with (+); clones producing inactive BSLA are indicated with (-). Cultivation conditions: 
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37 °C, 250 mL flasks, filling volume 10 mL, shaking frequency 350 rpm, shaking diameter 50 mm (in 
RAMOS); 37 °C, 48-well Flowerplate, filling volume 1 mL, shaking frequency 1500 rpm, shaking 
diameter 3 mm (in BioLector). 
 
As shown in Figure 4.4, the biomass signal (scattered light intensity) of Type A and B clones 
increases exponentially until 5-7 h of cultivation, followed by a further linear increase. The 
time point of the transition from exponential to linear growth roughly correlates with the first 
OTR peak. Similarly, the duration of the linear increase correlates with the phase of 
decreasing or constant OTR. At the transition point from exponential to linear growth, clones 
from Type A attain a biomass signal (scattered light intensity) of 20-40 a.u., while Type B 
clones show lower biomass signals (scattered light intensities) from 10-30 a.u.. This is in 
good agreement with the height of the first OTR peak, which is 15-20 mmol/L/h for Type A 
clones, and 10 mmol/L/h for Type B clones. With the final increase in OTR, most clones 
exhibit another significant increase in the biomass formation. A slight decrease of biomass 
formation at the end of the cultivation is only observed for a few clones and can be attributed 
to morphological changes of the cells [Nystrom 2004; Kottmeier et al. 2009; Siepert et al. 
2012]. The final biomass signal (scattered light intensity) for Type A clones ranges from 50-
80 a.u., and for Type B clones ranges from 70-90 a.u.. Hence, Type B clones showing a 
strong OTR increase in the second half of cultivation obtain higher final biomass signals.  
As also shown in Figure 4.4, the product formation of all investigated clones starts after 5-6 h, 
correlating perfectly with the first OTR peak and with the transition from exponential to linear 
biomass increase. Strong product formation is obtained during the phase of decreasing or 
constant OTR and linear biomass increase. With the final increase in OTR and biomass signal 
(scattered light intensity) the product formation rate decreases. The final product fluorescence 
signal of Type B clones ranges from 1-4.5 a.u., whereas Type A clones produce generally 
higher amounts of 2-9 a.u.. It has to be considered that the two clones His-LOV and K23stop 
showing the highest product fluorescence signals (15 a.u. and 12 a.u., respectively) produce 
shorter target proteins than all other clones (Table 2.2, Figure 1.1) and, therefore, have to be 
regarded as reference clones. Generally, clones belonging to respiration behavior Type A tend 
to produce higher amounts of target protein than Type B clones. Type A clones with higher 
product formation usually result in lower biomass signals. On the other hand, Type B clones 
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showing a strong OTR increase in the second half of the cultivation and a higher biomass 
formation produce less target protein. Thus, our results agree with the inverse correlation of 
product formation and growth that was already reported before [Dasilva and Bailey 1986; 
Jensen and Carlsen 1990]. In agreement with [Kunze et al. 2012], a correlation between the 
progress of the OTR as function of time and the product formation could be observed. While 
phases of decreasing or constant OTR resulted from high product formation, an exponential 
increase in OTR indicated undisturbed cell growth.  
The figure legend of Figure 4.4 also indicates whether the investigated clones produce active 
(+) or inactive (-) BSLA. Twelve out of fifteen clones produced inactive BSLA. A correlation 
between respiration behavior and enzyme activity could not be found. Clones producing 
inactive enzymes were found in both, Type A and Type B, groups, whereby in Type B only 
inactive enzyme was produced. A correlation between the amount of produced protein and the 
functionality cannot be found, either. From full-length products, the active variants A1W and 
S167P are produced in relatively high amounts (9 a.u. and 6 a.u., respectively), whereas the 
active wild type enzyme is produced in a very low amount (2 a.u.). Furthermore, the variant 
H10D is produced in a relatively high amount (8 a.u.) even though the produced protein is 
inactive.  
For a quantitative analysis of the relation between respiration activity and product formation, 
Figure 4.5 shows a correlation of the final product fluorescence signals and the cultivation 
duration (duration of active respiration). The insert illustrates how the cultivation duration of 
the particular E. coli clones (until the last peak of the OTR) was determined. For the 
calculation of the regression line, all clones producing a full-length product as specified in 
Table 2.2 and Figure 1.1 were taken into account. The two clones producing shorter products 
(His-LOV and K23stop) were not considered and, therefore, were marked in parentheses in 
the graph. Even though the investigated clones belong to two different types of respiration 
behavior, a correlation between the final product fluorescence signals and the cultivation 
duration was found (R2 = 0.78). Longer cultivation durations lead to an enhanced product 
formation. This agrees with the fact that growth is reduced in case of enhanced product 
formation, and that with equal amounts of available carbon and energy sources, slower growth 
results in prolonged cultivation durations.  
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Further investigated correlations and options to distinguish between Type A and Type B 
clones are presented in Appendix 17, Appendix 18, and Appendix 19. 
 
Figure 4.5. Correlation of final product fluorescence signal and cultivation duration 
Final product fluorescence signal of 15 E. coli BL21(DE3) clones as function of the cultivation 
duration (until the last peak of the oxygen transfer rate, as shown in the insert). Calculated regression 
line (R2 = 0.78) is based on all clones producing a full-length target protein as specified in Table 2.2 
and Figure 1.1. Shorter products (His-LOV and K23stop) are not considered for the calculation and 
are marked in parentheses.  
 
4.2.3 Characterization of Type A and B clones, and definition of five 
characteristic cultivation phases 
Fermentations were further analyzed by an additional cultivation performed in Wilms-MOPS 
mineral autoinduction medium with parallel offline analysis. In order to measure the carbon 
source concentrations, the plasmid copy number related to the number of genome copies, the 
pH-value, and the target protein content, samples were taken from conventional Erlenmeyer 
flasks. The measurements were performed for four clones as specified in Figure 4.6A as 
examples. Three of those four clones belong to the respiration behavior Type A (white 
background), while one belongs to the respiration behavior Type B (grey background). 
Besides the clone producing the wild type enzyme which is regarded as reference clone, the 
Type A clones S56P and S167P with an identical amino acid exchange at different positions 
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of BSLA were investigated to obtain information about possible amino acid position effects. 
Furthermore, the clone K170E exemplified Type B clones. In addition to the characteristic 
growth parameters (Figure 4.6A), Figure 4.6B depicts a SDS-PAGE analysis of the soluble 
and Figure 4.6C of the insoluble protein fractions. 
E. coli clone producing the wild type BSLA. During the first phase of the cultivation 
(Figure 4.6A , I), the clone producing wild type BSLA shows an initial increase in OTR and 
biomass signal due to growth on glucose. Its depletion corresponds with a small drop in the 
OTR after 3 h (first grey dotted line). In the second cultivation phase (II), further growth on 
glycerol occurs until 5 h accompanied by an increase in the OTR up to its first peak at 
17 mmol/L/h. In this phase, no product formation is observed by fluorescence measurement. 
However, a small increase in the target protein content is found after 4.5 h by densitometric 
analysis. At the end of the second cultivation phase (second grey dotted line), the target 
protein production phase is initiated, and shortly after, the transition point from exponential to 
linear biomass formation occurs. Cultivation phase three (III) is characterized by a strong 
increase in product fluorescence signal and protein content with parallel consumption of the 
inducing compound lactose and the energy rich carbon source glycerol. As a result, the OTR 
decreases from its first peak to a minimum of 12 mmol/L/h after 10.5 h, and biomass growth 
is linear. Corresponding to the reduced growth rate, a strong increase in the plasmid copy 
number can be detected. Such correlation was previously described in literature [Seo and 
Bailey 1985; Linchao and Bremer 1986; Bentley et al. 1990]. At the end of the third 
cultivation phase (third grey dotted line), the inducing compound lactose becomes depleted, 
correlating with a maximum target protein content of about 31 % and a maximum plasmid 
copy number of 182. During the fourth cultivation phase (IV), the residual glycerol is 
consumed leading to a small OTR increase up to a second peak of about 19 mmol/L/h. A 
further rise in biomass signal (scattered light intensity) up to its maximum (80 a.u.), a slight 
increase in the product formation, as well as a decrease in the plasmid copy number are 
observed. Glycerol depletion after 12 h (fourth grey dotted line) then results in a sharp drop in 
the OTR, a constant product fluorescence signal of 2.6 a.u. and a further decrease in the 
plasmid copy number. The monitored decrease in biomass formation is attributed to a change 
in the cell morphology [Nystrom 2004; Kottmeier et al. 2009; Siepert et al. 2012]. In general, 
the optical measuring signals of biomass and product formation determined using the 
BioLector device shall only be considered during the phase of active respiration. Thereafter, 
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factors like evaporation, cell lysis, or morphological changes can influence the measuring 
signals [Nystrom 2004; Kottmeier et al. 2009; Siepert et al. 2012]. Because of the well-
buffered medium, the pH-value decreases only slightly from 7.5 to 7.3 during the entire 
cultivation. Furthermore, no acetate is formed, due to the applied medium composition and 
cultivation conditions.  
Based on the obtained online and offline data (Figure 4.6A), the cultivation can generally be 
divided into five characteristic phases: (I) growth on glucose, (II) growth on glycerol, (III) 
product formation on lactose with parallel consumption of glycerol as energy source, (IV) 
growth on residual glycerol, (V) depletion of all original carbon sources and end of 
cultivation. Thus, without laborious offline analyses, these cultivation phases can be identified 
via online monitoring of the OTR progress as function of time with the RAMOS device. 
E. coli clones S56P and S167P. Fermentation of Type A clones S56P and S167P reveals the 
same five characteristic cultivation phases (Figure 4.6A). Whereas the first OTR peak of 
S167P is the same as for the clone producing wild type BSLA, it is lower for S56P 
(13 mmol/L/h). With regard to the second peak, both clones reach a slightly lower maximum 
value. In comparison to the clone producing wild type BSLA, the cultivation duration of S56P 
and S167P is somewhat longer (15 h and 14 h, respectively), while the biomass formation is 
reduced (maximum scattered light intensity of 73 a.u. and 66 a.u., respectively). For both 
clones, a higher protein formation is detected. S56P reaches a product fluorescence signal of 
5 a.u., resulting in a target protein content of 45 %, whereas clone S167P attains a product 
fluorescence signal of 7 a.u. and a target protein content of 51 %. The maximum plasmid copy 
numbers of S56P and S167P are slightly reduced to 160 and 145, respectively.  
The clones S56P and S167P contain identical amino acid exchanges within the BSLA, but at 
different positions. Even though S56P produces enzymatically inactive and S167P active 
BSLA (Figure 4.4), the fermentation progress of both clones is roughly the same. As a result, 
neither the position of the amino acid exchange in the protein nor the enzyme activity 
influence the cultivation progress.  
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Figure 4.6. Detailed characterization of four E. coli BL21(DE3) clones belonging to respiration 
behavior Type A and Type B cultivated under inducing conditions 
Characterization of four E. coli BL21(DE3) clones belonging to respiration behavior Type A 
(producing wild type BSLA and variants S56P and S167P) and respiration behavior Type B (BSLA 
variant K170E) during the cultivation in Wilms-MOPS mineral autoinduction medium. (A) 
Characteristic growth parameters: oxygen transfer rate (OTR), biomass and product formation, carbon 
source concentrations, copy number of plasmid per genome, pH-value, and protein content of the 
target protein per total protein of the cell. Type A: white background; Type B: grey background. The 
five cultivation phases (I-V) are identified by the OTR curves and are separated by the vertical grey 
dotted lines. (I) increase in OTR due to growth on glucose, the depletion of glucose corresponds with a 
small OTR drop (first grey dotted line); (II) increase in OTR to first peak (second grey dotted line) due 
to growth on glycerol; (III) slightly decreasing or constant OTR, respectively, due to product 
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formation on lactose with parallel consumption of glycerol, the depletion of lactose roughly 
corresponds with the minimum of the OTR (third grey dotted line); (IV) increase in OTR to second 
peak (forth grey dotted line) due to growth on residual glycerol; (V) end of cultivation, the depletion 
of glycerol roughly corresponds with the sharp drop in OTR. (B) SDS-PAGE analysis showing soluble 
protein per sample volume, and (C) SDS-PAGE analysis showing insoluble protein per sample volume 
after 0, 3, 4.5, 6, 7.5, 9, 10.5, 13, 14.5, and 18 h of cultivation (target protein band is framed, M = 
protein marker). Cultivation conditions: 37 °C, 250 mL flasks, filling volume 10 mL, shaking 
frequency 350 rpm, shaking diameter 50 mm (in RAMOS); 37 °C, 48-well Flowerplate, filling volume 
1 mL, shaking frequency 1500 rpm, shaking diameter 3 mm (in BioLector). 
 
E. coli clone K170E. The clone K170E belongs to the respiration behavior Type B. Even if 
the OTR progress as function of time is different compared to that of Type A, the same 
cultivation phases have been identified. A further confirmation of the five cultivation phases 
for two more Type B clones is presented in Appendix 16. Whereas the first cultivation phase 
(I) with a similar growth rate and OTR progress is comparable to those of Type A clones, the 
second phase (II) is much shorter. Consequently, the first OTR peak after 4.5 h reaches only 8 
mmol/L/h. The biomass signal at the transition point from exponential to linear growth with a 
scattered light intensity of only 15 a.u. is much lower than that of the Type A clones (66-80 
a.u.). No product formation was detected in this phase. Due to the shorter second cultivation 
phase, the third cultivation phase (III) is initiated earlier. Up to this point, not only the 
biomass concentration, but also the amount of consumed glycerol is lower. During the third 
phase (III), the OTR remains nearly constant at 8-5 mmol/L/h until 10 h, correlating with a 
linear increase in the biomass signal. This initiates the product formation, and an increase in 
the protein content. One remarkable difference between Type A and Type B clones is the 
consumption of glycerol during this phase. Type A clones consume a relatively high amount 
of glycerol in parallel with lactose, thereby leading to a low residual glycerol concentration of 
1-2 g/L at the end of cultivation phase three (third grey dotted line). In contrast, the residual 
glycerol concentration of clone K170E is about twice as much (3 g/L) due to the higher 
glycerol concentration at the beginning of the this phase and the reduced parallel glycerol 
consumption. Accordingly, the high amount of residual glycerol causes an exponential 
increase in OTR (up to 31 mmol/L/h) and biomass signal (scattered light intensity, up to 92 
a.u.) in the fourth cultivation phase (IV). The final product fluorescence signal is 3.9 a.u., and 
the maximum target protein content is 43 %. The curve of the pH-value is the same as that of 
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the other clones and no acetate formation can be detected. Another difference between Type B 
clone K170E and the Type A clones is a reduced maximum copy number of 106 (Type B) 
compared to 145-182 (Type A) even though the curve of the plasmid copy number as a 
function of time is qualitatively similar. One possible explanation is that the metabolic burden 
is initiated at an earlier stage, thus, preventing a further increase of the plasmid copy number. 
Another probable explanation is an enhanced plasmid loss [Summers 1991; Smith and 
Bidochka 1998; Summers 1998]. However, plasmid-free cells in general occur only rarely as 
long as the copy number remains high [Summers 1998]. To evaluate whether the plasmid 
stability varied between Types A and B, the plasmid loss was quantified by selective plate 
counts for both types. Thereby, it could be excluded that cells without plasmids overgrew 
cells containing plasmids.  
Not only the maximum values and the progress of the plasmid copy number, but also the 
correlation between copy number and growth behavior has to be considered when comparing 
Type A and Type B clones. As already mentioned above, the third cultivation phase starts 
earlier for the Type B than for Type A clones. As a result, the induction of the protein 
production, as well as the increase of the copy number start earlier. In general, both, 
recombinant protein production as well as an increase of the copy number lead to a burden on 
the host’s metabolism which is indicated by a decreasing growth rate and a decreasing or 
constant OTR. Probably because of the reduced biomass at the beginning of the third 
cultivation phase, the maximum plasmid copy number is lower for K170E compared to Type 
A clones. With the end of the induction phase, the copy number and as result the metabolic 
burden decrease. Consequently, growth on residual glycerol is again possible, leading to the 
characteristic OTR pattern of Type B clones. 
The only difference of the investigated clones consists in a single amino acid exchange within 
the recombinant lipase. As consequence of these exchanges, the initial growth in the second 
cultivation phase (II) is reduced for clones categorized in Type B. All correlations and effects 
on recombinant protein production, progress of copy number, and the diverse consumption 
pattern of glycerol described above can be regarded as consequence of these small differences 
between the investigated clones. 
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SDS-PAGE analysis showing soluble and insoluble protein fractions. After investigating 
the characteristic growth parameters (Figure 4.6A), SDS-PAGE analysis of soluble (Figure 
4.6B) and insoluble protein fractions (Figure 4.6C) was performed. The aim was to 
investigate if the ratio between soluble and insoluble protein fractions may cause the different 
respiration behavior of Type A and B clones. Equally for all clones, protein bands in the 
soluble fraction can be detected after 4.5 h. This correlates with the onset of product 
formation after 5 h (Figure 4.6A). Then, the amount of protein increased until 6 to 7.5 h and 
remained constant until the end of the cultivation. The SDS-PAGE analysis of the insoluble 
protein fraction shows traces of target protein after 6 h. Subsequently, an enormous increase 
in insoluble protein was observed until the end of the cultivation. These results suggest that 
protein produced at the beginning of the production phase was folded correctly and remained 
in the soluble protein fraction. With increasing biosynthesis of the target proteins, a correct 
folding may increasingly be impeded and incorrectly folded proteins accumulate as inclusion 
bodies. As a result, the recombinant protein production can trigger various stress responses, 
e.g. heat-shock-like responses [Goff and Goldberg 1985; Harcum and Bentley 1993; 
Hoffmann and Rinas 2004]. Inclusion bodies mainly consist of the recombinant protein, 
however, co-precipitation during the process of inclusion body preparation causes certain 
amounts of cellular protein to be included [Rinas and Bailey 1992; Rinas et al. 1993; Fahnert 
et al. 2004]. Beside insoluble cell proteins, this could also be an explanation for the additional 
protein bands shown here (Figure 4.6C). Besides protein overproduction, the histidine tag 
present in all target proteins might also promote the formation of inclusion bodies [Zhu et al. 
2013]. A previously described effect of the copy number on the rate of product accumulation 
[Fahnert et al. 2004] was not observed in our investigations. The four clones (Figure 4.6) 
show different maximum copy numbers but very similar protein contents in the soluble and 
insoluble protein fractions. Since the ratio of insoluble to soluble protein (Table 4.2) was 
roughly the same for all clones, this factor could be eliminated as a reason for the different 
respiration behaviors of Type A and Type B clones.  
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Table 4.2. Ratio of insoluble to soluble protein fraction 
Ratio of insoluble to soluble protein fraction determined from TotalLab TL100 software analyzing the 
relative peak area of the respective protein bands. Ratios are calculated for four E. coli BL21(DE3) 
clones presented in Figure 4.6.  
Time Wild type enzyme 
(His-LOV-BSLA) 
S56P S167P K170E 
0.0 h 0.0 0.0 0.0 0.0 
3.0 h 0.0 0.0 0.0 0.0 
4.5 h 0.0 0.0 0.0 0.0 
6.0 h 1.0 1.0 0.8 1.0 
7.5 h 3.6 1.9 2.1 2.3 
9.0 h 4.4 4.5 3.1 3.8 
10.5 h 4.1 4.0 4.1 4.1 
13.0 h 4.4 4.2 4.2 4.1 
14.5 h 3.1 3.0 3.9 3.8 
18.0 h 3.8 3.4 3.3 3.5 
 
4.3 Conclusion 
In this chapter, the influence of single amino acid exchanges in heterologous enzyme on 
protein production and metabolic activity of the respective expression host E. coli BL21(DE3) 
was investigated. Therefore, 15 E. coli clones producing fusion tags, wild type lipase, or 
different lipase variants were compared during cultivation under non-inducing and inducing 
growth conditions.  
As a result, no differences in respiration activity among the 15 clones were obtained under 
non-inducing conditions. Under inducing conditions, however, even small variations in the 
amino acid sequence of the target protein led to strong, highly reproducible differences in 
respiration activity and target protein production. A quantitative evaluation of the OTR as a 
function of time allowed the classification of the clones into two types of respiration behavior 
named Type A and Type B. With respect to the OTR curves, five characteristic cultivation 
phases could be identified, providing information about the time points of the depletion of the 
different carbon sources as well as about biomass and product formation. While phases of 
constant or decreasing OTR indicate strong protein production, an exponential increase in 
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OTR occurs due to undisturbed E. coli cell growth. In general, clones belonging to the 
respiration behavior Type A were identified as clones with higher product formation, whereas 
clones belonging to Type B showed stronger biomass formation. Furthermore, a positive 
correlation between final product fluorescence signal and cultivation duration was observed.  
Metabolic costs for the amino acid biosynthesis, enzyme activity, plasmid copy number, 
formation of inclusion bodies as well as the ratio of insoluble to soluble protein were 
investigated as potential factors causing the observed patterns of respiration behavior. So far, 
the shorter initial growth phase of Type B clones and its impact on biomass and copy number 
seem to have an influence. However, no particular factor could yet be identified as being 
exclusively responsible. Further potential influencing factors are investigated within the next 
chapter. Besides a closer monitoring of the plasmid copy number, the influence of the codon 
usage, the mRNA content and intracellular nucleobases will be presented.  
This chapter has proven that small variations in the gene sequence resulting in the exchange 
of a single amino acid in a recombinant protein in E. coli influence the metabolic activity of 
the expression host during protein production. The two applied small-scale online monitoring 
systems (Respiration Activity MOnitoring Systems (RAMOS) and BioLector) allow the real-
time detection of even smallest differences in respiration activity, biomass and protein 
production in the E. coli clones investigated. This underscores the importance of parallel 
online monitoring systems to unveil the relevance of single amino acid exchanges for the 
production of a recombinant protein. 
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Chapter 5 
5A particular silent codon exchange in a recombinant gene 
greatly influences host cell metabolic activity 
Besides the production of plasmid-encoded proteins and plasmid replication also the 
occurrence of rare codons in a heterologous gene may be a further influencing factor in regard 
to metabolic burden during heterologous gene expression. Therefore, the aim of this chapter 
was to investigate the influence of particular silent codon exchanges within a heterologous 
gene on production level and metabolic activity of the host E. coli BL21(DE3).  
E. coli clones expressing the wild type gene lipA encoding the lipase A from B. subtilis 
(BSLA) [van Pouderoyen et al. 2001] and its variants differing only in particular silent codon 
exchanges were examined. Specifically, the wild type codons encoding the amino acids 
arginine and leucine were replaced at two randomly defined positions (Arg107 and Leu143) 
by all possible synonymous codons. The investigated E. coli clones were named after the 
respective codon within the DNA sequence (Table 2.2). In addition, E. coli clones with the 
amino acid exchanges S56P, D91R, G93Y, S167P, K170E, and G175F caused by the usage of 
at least two different synonymous codons were analyzed. As already described in Section 1.3, 
the target protein BSLA was fused to a flavin mononucleotide (FMN)-based fluorescent 
protein (FbFP) derived from the LOV domain of the B. subtilis YtvA photoreceptor [Drepper 
et al. 2007; Krauss et al. 2010] to enable online product monitoring. As measuring systems, 
here again, the Respiration Activity MOnitoring System (RAMOS) [Anderlei and Büchs 
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2001; Anderlei et al. 2004] as well as the microtiter plate based cultivation system BioLector 
[Samorski et al. 2005; Kensy et al. 2009] were applied. Furthermore, plasmid copy numbers, 
transcript abundances, intracellular nucleobases and the kinetics of the carbon source 
consumption were analyzed to gain deeper insights into the underlying metabolic processes.  
This chapter is partly published in Rahmen et al., Microbial Cell Factories (2015) 14:156. 
 
5.1 Cultivation under non-inducing conditions 
To enable a comparison of the respiration behavior of the investigated E. coli clones under 
reference conditions, precultivations were carried out under non-inducing conditions to 
prevent recombinant protein production. Precultivations were sequentially performed, first, in 
complex TB medium to allow strong biomass formation and, second, in modified Wilms-
MOPS mineral medium to promote adaptation to main cultivation conditions. Figure 5.1 
presents the OTR of all clones during first and second precultivation. 
According to the typical respiration behavior of E. coli in TB medium [Losen et al. 2004; 
Palmen et al. 2010; Kunze et al. 2012], the OTR of all clones increases exponentially until 
reaching a maximum OTR (Figure 5.1A). The horizontal plateau indicates oxygen limitation, 
the final drop in OTR the depletion of all original carbon sources. The selected time point to 
harvest the cultures for inoculation of the second precultures is during exponential growth 
after 3 h (black arrow in Figure 5.1A). During the second precultivation in Wilms-MOPS 
mineral medium, the OTR of all clones initially increases due to growth on the preferred 
carbon source glucose. Its depletion is indicated by a drop in OTR after 2.5 h (dotted line in 
Figure 5.1B). Further exponential increase in OTR up to a maximum is caused by growth on 
glycerol. The subsequent sharp drop in OTR is due to depletion of all carbon sources. The 
selected time point to harvest the cultures for inoculation of the main cultures is during 
exponential growth after 5 h (black arrow in Figure 5.1B).  
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Figure 5.1. Respiration activity of 12 E. coli BL21(DE3) clones grown under non-inducing 
conditions 
Oxygen transfer rates (determined using a RAMOS device) of six clones varying in Arg107 codons 
and six clones varying in Leu143 codons as a function of time for: (A) first preculture performed in 
complex TB medium, and (B) second preculture performed in modified Wilms-MOPS mineral 
medium containing 0.5 g/L glucose and 5 g/L glycerol. The arrows indicate the time points the 
cultures were harvested and used for inoculating the next cultivation step. The dotted line in (B) 
highlights the depletion of glucose. For the second preculture, a computational analysis of the raw data 
of the RAMOS device was performed providing an increased density of data points over time [Hansen 
et al. 2012]. Cultivation conditions: 37 °C, 250 mL flasks, filling volume 10 mL, shaking frequency 
350 rpm, and shaking diameter 50 mm.  
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Under non-inducing conditions, all investigated E. coli clones depict a quite similar 
respiration behavior in both, complex and mineral cultivation media. These results perfectly 
agree with those from cultivations of E. coli BL21(DE3) without plasmid and non-induced 
E. coli clones encoding B. subtilis lipase A (BSLA) differing in single amino acids under 
identical cultivation conditions (Chapter 4, Appendix 11). As a result, the silent codon 
exchanges of the investigated E. coli clones do not have any impact on respiration under non-
inducing conditions.  
 
5.2 Cultivation under inducing conditions 
To determine the impact of silent codon exchanges in the heterologous gene on respiration 
activity, biomass and product formation during recombinant protein production under 
inducing cultivation conditions, main cultivations were performed in Wilms-MOPS mineral 
autoinduction medium containing lactose as inducing compound. Figure 5.2 presents OTR, 
biomass (scattered light intensity), and product formation (fluorescence signal) as function of 
time for all investigated clones varying in either Arg107 or Leu143 codons.  
Within the first hours of cultivation, growth on the preferred carbon source glucose which 
represses production leads to an increase in the OTR of all clones (Figure 5.2A, B). With 
glucose depletion after roughly 3 h, the OTR increase is shortly interrupted. The following 
progress of the OTR strongly varies between the clones. For some clones (e.g. Arg107-CGC, 
-CGG, Leu143-CTA, -CTG) the OTR increases to 10 mmol/L/h after 4-5 h, then remains 
constant for 5-6 h. This is probably due to metabolic burden during recombinant protein 
production (Chapters 3 and 4) [Kunze et al. 2012]. Afterwards, the OTR value strongly 
increases up to a maximum of 25-30 mmol/L/h before dropping to 0 mmol/L/h at the end of 
the cultivation. In contrast, the OTR of other clones (e.g. Arg107-CTG (WT), -AGA, Leu143-
TTA (WT), -TTG) first increases to 15-20 mmol/L/h after 5 h, then slightly decreases for 
about 6-7 h, before either directly dropping to 0 mmol/L/h or slightly increasing to about 10-
15 mmol/L/h before dropping to 0 mmol/L/h. Whereas the investigated clones differing in 
synonymous arginine codons depict two distinct OTR profiles, the clones differing in leucine 
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codons show a continuous change in OTR profiles. As already described in Chapter 4 and 
other former studies [Lee and Ramirez 1992; Kunze et al. 2012], a classification of the clones 
into two groups (Type A and Type B) according to their OTR profiles was undertaken to 
allow a simplified discussion about general differences observed. As presented in Appendix 
20 (adapted from Chapter 4), this classification is based on the ratio between integral X (from 
first OTR peak to local minimum) and integral Y (from minimum to second peak). Clones 
characterized by a ratio X/Y>1.2 can be categorized into Type A, clones with a ratio X/Y<1.2 
into Type B. Calculated mean X/Y ratios of all cultivations of the investigated clones, 
standard deviations and the resulting classifications are given in Table 5.1. The generally low 
standard deviation (maximum 1.6 for Arg107-AGA) also emphasizes the high reproducibility 
of the OTR profiles of all clones.  
 
Figure 5.2. Respiration activity, biomass and product formation of 12 E. coli BL21(DE3) clones 
producing BSLA under inducing conditions  
Oxygen transfer rate (A and B, determined using a RAMOS device), biomass (C and D) and product 
formation (E and F, both determined using a BioLector device) as function of time for 12 E. coli 
BL21(DE3) clones cultivated in Wilms-MOPS mineral autoinduction medium containing 0.5 g/L 
glucose, 5 g/L glycerol, 2 g/L lactose (A, C and E: six clones varying in Arg107 codons; B, D and F: 
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six clones varying in Leu143 codons). Cultivation conditions: 37 °C, 250 mL flasks, filling volume 10 
mL, shaking frequency 350 rpm, shaking diameter 50 mm (in RAMOS); 37 °C, 48-well Flowerplate, 
filling volume 1 mL, shaking frequency 1000 rpm, shaking diameter 3 mm (in BioLector). 
 
Beside clones varying in silent codon exchanges, also clones containing the amino acid 
exchanges S56P, D91R, G93Y, S167P, K170E, and G175F each encoded by at least two 
different synonymous codons were investigated. Thereby, the same OTR patterns were 
observed and a classification into Type A and Type B was also possible for those clones 
(Appendix 21).  
Figure 5.2C, D, E and F present the biomass and product formation of the investigated clones. 
Tremendous differences are obvious. Especially clones varying in leucine codons with a 
continuous change in OTR profiles illustrate the underlying relation between OTR, biomass 
and product formation: the more the clones behave according to Type A respiration behavior 
(longer time of active respiration, lower final OTR peak, higher X/Y ratio), the lower is the 
final biomass (scattered light intensity) and the higher the product formation (fluorescence 
signal). For clones varying in arginine codons, this correlation is less pronounced due to their 
very similar respiration behavior (OTR) within either Type A or Type B group. These clones 
show very distinct OTR profiles of Type A and Type B. Generally, all clones categorized into 
Type A result in lower final biomass and higher product formation. In contrast, Type B clones 
reach higher final biomass and show lower product formation. In addition to OTR, also 
biomass and product formation indicate high reproducibility. The maximum standard 
deviations of triplicate measurements for biomass and product are 3.56 % and 2.53 %, 
respectively.  
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5.3 Codon usage and tRNA abundance 
Several studies already discussed the influence of rare codons on recombinant protein 
production [Kane 1995; Gustafsson et al. 2004; Rosano and Ceccarelli 2009; Plotkin and 
Kudla 2011; Rosano and Ceccarelli 2014], as well as the molecular background [Ikemura 
1981a; Gustafsson et al. 2004; Czech et al. 2010] and strategies to overcome codon bias 
[Ikemura 1981b; Baca and Hol 2000; Gustafsson et al. 2004; Sorensen and Mortensen 2005; 
Menzella 2011]. As nicely presented by Gustafsson et al., the average codon preferences of 
E. coli and Bacillus (original host of the target gene lipA encoding BSLA) are quite similar 
since both organisms cluster in principal component analysis [Gustafsson et al. 2004]. 
Therefore, a profound impact of codon bias on heterologous gene expression was not 
expected here, since only a single codon was replaced by a synonymous one. Nevertheless, 
the codon usage of E. coli [Maloy et al. 1996; Gvritishvili et al. 2010] for all synonymous 
Arg107 and Leu143 codons was analyzed with the aim to investigate possible influencing 
factors provoking the two types of respiration behavior (Table 5.1). As a result, the codon 
usage neither affected nor caused the classification of the clones into Type A and Type B 
respiration behavior. This can easily be recognized by comparing the codon usage of Type B 
clones (grey background in Table 5.1). For Arg107 as well as Leu143, one codon each has a 
very high frequency, whereby the usage of the other respective synonymous codon is quite 
low. 
Since the tRNA concentration is known to influence the translation efficiency and, thereby, 
recombinant protein production [Sorensen et al. 1989; Dong et al. 1996; Czech et al. 2010; 
Wohlgemuth et al. 2013], also the relative tRNA content in E. coli [Ikemura 1981a; Chen and 
Texada 2006] was taken into account. For the investigated arginine and leucine codons, the 
abundance of the respective tRNAs can roughly be correlated with the abundance of the 
recognized codons (Table 5.1). Thus, the differences in tRNA content are not responsible for 
the observed Type-A-Type-B-classification. To definitely exclude a tRNA limitation as 
influencing factor, in future a more detailed tRNA analysis over the cultivation time is 
necessary since the tRNA level may vary with cell density (Chapter 6). Nevertheless, here a 
tRNA limitation is not expected since only a single codon within the heterologous lipA gene 
was substituted.  
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5.4 Nucleobase analysis 
As a further factor possibly influencing respiration and causing the two observed types of 
respiration behavior, the availability of free nucleobases in the cells was investigated since a 
nucleobase or nucleotide limitation might contribute to metabolic burden. Figure 5.3 presents 
relative intensities of free intracellular nucleobases at three different time points of the 
cultivation. The relative intensities were calculated according to the maximum value for each 
nucleobase after division by the intensity of the internal standard. As will be discussed later, 
the three time points represent initial growth on glucose (3 h) and glycerol (4 h), as well as 
recombinant protein production on lactose (8 h). They were chosen to represent the time 
points of differentiation between Type A and Type B clones within the initial growth and 
protein production phases.  
 
Figure 5.3. Relative changes in intracellular nucleobases in initial growth and production phases 
Time-dependent changes in free nucleobases within the cells presented for six clones varying in 
Arg107 codons (left) and six clones varying in Leu143 codons (right) as relative intensities in [%].The 
relative intensities were calculated according to the maximum value for each nucleobase after division 
by the intensity of the internal standard. At the indicated time points, the cells were collected, their 
metabolites extracted, and the nucleobases were analyzed by LC/MS. Clones categorized into Type A 
respiration behavior are presented with fully filled bars, Type B clones are indicated with striped bars. 
The three chosen time points represent initial growth on glucose (3 h) and glycerol (4 h), and 
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recombinant protein production on lactose (8 h). All data points are the mean of triplicate 
measurements. The error bars represent the standard deviation.  
 
Generally, the relative intensities of all nucleobases found in the investigated E. coli clones 
show quite high standard deviations, probably due to a complicated sample preparation and, 
therefore, impede a detailed analysis of the results. During the protein production phase (8 h), 
the intracellular nucleobases adenine, guanine, thymine, and uracil are only present in quite 
low relative intensities compared to those at earlier time points due to the increased demand in 
nucleobases during plasmid replication, transcription and translation process within protein 
production. In contrast, the relative cytosine intensity is roughly constant compared to 
intensities measured during growth on glucose (3 h) and glycerol (4 h). The rather small 
reduction of intracellular cytosine during recombinant protein production could be attributed 
to its lower occurrence (19.9 %) within the lipA gene sequence compared to adenine (30.2 %), 
guanine (26.3 %) and thymine (23.6 %). Despite these general findings, no correlation 
concerning the classification into Type A and Type B respiration behavior was found. No 
significant differences between the relative intracellular nucleobase intensities of Type A 
(Figure 5.3, fully filled bars) and B clones (Figure 5.3, striped bars) were observed. In 
conclusion, a nucleobase limitation can be excluded as reason for the two observed types of 
respiration behavior. For Type-A-Type-B-classification, a large number of other metabolites 
was also analyzed (Appendix 22). However, no correlation was yet identified.  
 
5.5 In-depth characterization 
For in-depth characterization of cultivation parameters, E. coli clones differing only in a 
particular silent codon exchange were cultivated and the online signals OTR (using a 
RAMOS device), biomass (scattered light intensity), product formation (fluorescence signal), 
and dissolved oxygen tension (DOT, all using a BioLector device) were determined. 
Furthermore, carbon source concentrations, optical density (OD), pH-value and biomass-
specific target protein content were determined from offline samples (collected from parallel 
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experiments in conventional shake flasks). For one representative Type A and Type B clone 
varying in either Arg107 or Leu143 codon the cultivation parameters are presented as a 
function of time (Figure 5.4). For all further clones, the respective parameters are presented in 
Appendix 23.  
 
Figure 5.4. Cultivation parameters of four representative E. coli BL21(DE3) clones of Type A 
and Type B behavior producing BSLA under inducing conditions 
Characterization of four E. coli BL21(DE3) clones belonging to respiration behavior Type A (Arg107-
CGT (WT), Leu143-TTG; white background) or respiration behavior Type B (Arg107-CGG, Leu143-
CTG; grey background) during cultivation in Wilms-MOPS mineral autoinduction medium containing 
0.5 g/L glucose, 5 g/L glycerol, 2 g/L lactose. Cultivation parameters: oxygen transfer rate (OTR, 
determined using a RAMOS device), biomass (scattered light), product formation (fluorescence), 
dissolved oxygen tension (DOT, all determined using a BioLector device), carbon source 
concentrations, optical density (OD), pH-value, and protein content of the target protein per total 
protein of the cell (all determined from parallel experiments in conventional shake flasks). The red and 
orange dotted lines represent the expected depletion of glycerol and lactose, respectively, based on the 
OTR profile. The vertical grey dotted lines separate the five cultivation phases (I-V) identified by the 
OTR curves according to Chapter 4. Cultivation conditions: 37 °C, 250 mL flasks, filling volume 
10 mL, shaking frequency 350 rpm, shaking diameter 50 mm (in RAMOS and conventional flasks); 
37 °C, 48-well Flowerplate, filling volume 1 mL, shaking frequency 1000 rpm, shaking diameter 
3 mm (in BioLector).  
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According to our previous findings (Chapter 4), the cultivation can be separated into five 
characteristic cultivation phases: (I) growth on glucose, (II) growth on glycerol, (III) 
induction of gene expression and recombinant protein production on lactose, (IV) growth on 
residual glycerol, (V) end of cultivation. As presented in Figure 5.4, during glucose 
consumption (I), OTR, biomass (scattered light intensity) and OD slightly increase and no 
product formation is observed. During growth on glycerol (II), biomass and OD further 
increase. The OTR further increases until the slope of the curve has decreased to 0. 
Apparently, the metabolism gradually switches from only glycerol to mixed glycerol/lactose 
consumption and some initial target protein is produced. The duration of this phase (II) is 
shorter for Type B (1.5 h) compared to Type A clones (2-2.5 h) and, therefore, the biomass 
obtained within this phase is slightly lower for Type B (OD≤1) than Type A clones (OD≥2). 
During the third cultivation phase (III), strong protein formation is observed, the increase in 
biomass and OD is reduced, and the OTR slightly decreases or stays roughly constant. 
Whereas Type A clones metabolize lactose and glycerol in parallel, Type B clones consume 
mainly lactose. The duration of this phase is slightly longer for Type A (6-8 h) than Type B 
clones (4-5 h). With depletion of lactose, the third phase is terminated and the maximum 
biomass-specific protein content is reached (roughly 50 % of total protein). During the fourth 
phase (IV), residual glycerol is consumed leading to another increase in OTR, biomass, and 
OD which is much stronger for Type B than Type A clones due to the higher residual glycerol 
concentration (3-3.5 g/L for Type B compared to 1-1.5 g/L for Type A clones). With glycerol 
depletion, the OTR typically drops at the end of the cultivation (V). During the entire 
cultivation, the pH-value only slightly decreases from 7.4 to 7.2 due to the well-buffered 
medium. For all clones, the DOT mirrors the OTR indicating coinciding cultivation 
conditions in shake flasks and microtiter plate. This has also been found in a recent 
publication with different microorganisms in well-adjusted shake flask and microtiter plate 
cultivation experiments [Wewetzer et al. 2015]. Type A clones reach higher final fluorescence 
signals (90-100 %) compared to Type B (60-70 %), while final biomass (scattered light 
intensity) is lower (65-75 %) compared to Type B clones (90-100 %).  
In conclusion, major differences between Type A and Type B clones consist of different 
durations of the second and third cultivation phase as well as the altered kinetics of the 
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glycerol and lactose consumption. The shorter phase (II) of Type B clones results in a slightly 
reduced biomass at the beginning of next cultivation phase. During phase (III), which is 
characterized by strong protein production, Type B clones predominantly consume lactose. As 
consequence, on the one hand, lactose is depleted earlier leading to the shortened duration of 
phase (III), on the other hand, a high residual glycerol concentration is available for 
consumption during cultivation phase (IV), leading to the characteristic sharp OTR increase 
of Type B clones. All observed differences between Type A and Type B clones are very 
consistent and are of phenomenological nature and make further detailed analysis necessary to 
gain a deeper understanding of the underlying molecular mechanisms.  
 
5.6 Plasmid copy number and mRNA analysis 
The previous results (Chapter 4) already hinted at an influence of the plasmid copy number on 
the respiration behavior. Therefore, plasmid copy number as well as mRNA content were 
analyzed in this chapter. As presented in Figure 5.5, for two Type A and two Type B clones 
varying in Arg107 codons, the online-determined product formation (fluorescence signal) and 
the sum of relative transcript abundances were determined. The results are based on the 
expression of the plasmid-encoded target gene lipA (encoding B. subtilis lipase A), the 
genome-encoded reference gene cysG (encoding uroporphyrin III C-methyltransferase), and 
the plasmid-encoded reference gene bla (encoding beta-lactamase). ‘lipA vs. cysG’ represents 
the expression level of lipA relative to cysG, ‘bla vs. cysG’ represents the relative expression 
level of plasmid-encoded bla and indicates the plasmid copy number, ‘lipA vs. bla’ represents 
the induced lipA expression relative to basal plasmid expression and indicates the 
overexpression factor. The respective data for four clones varying in Leu143 codons is 
presented in Appendix 24.  
In general, the product formation (fluorescence signal) as well as the sum of the relative 
transcript abundances ‘lipA vs. cysG’ and ‘bla vs. cysG’ show a concordant progress over 
time: an increase from the time point of induction (4-5 h) until the end of cultivation (12-
15 h). The average standard deviation of the best two out of three technical replicates of all 
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determined transcript abundances is 3.29 %, the maximum standard deviation 12.40 %. The 
factor of overexpression (‘lipA vs. bla’) is roughly the same for the investigated clones. In 
contrast, Type A clones (Arg107-CGT (WT) and -CGA, white background) reach 
considerably higher final values for product (fluorescence signal), as well as for the 
cumulative transcript abundances of lipA and bla relative to cysG compared to Type B clones 
(Arg107-CGC and -CGG, grey background).  
 
Figure 5.5. Product formation and sum of relative transcript abundances of four E. coli 
BL21(DE3) clones growth under inducing conditions 
Product formation (determined using a BioLector device) and sum of relative transcript abundances 
(determined from conventional shake flasks) as function of time for four E. coli BL21(DE3) clones 
belonging to respiration behavior Type A (Arg107-CGT (WT), -CGA; white background) or 
respiration behavior Type B (Arg107-CGC, -CGG; grey background) during cultivation in Wilms-
MOPS mineral autoinduction medium containing 0.5 g/L glucose, 5 g/L glycerol, 2 g/L lactose. ‘lipA 
vs. cysG’ represents the sum of the relative transcript abundance of the plasmid-encoded target gene 
lipA (encoding Bacillus subtilis lipase A) in relation to the genome-encoded reference gene cysG 
(encoding uroporphyrin III C-methyltransferase). ‘bla vs. cysG’ represents the relative plasmid copy 
number as the sum of the relative transcript abundance plasmid-encoded reference gene bla (encoding 
beta-lactamase) in relation to the genome-encoded reference gene cysG. ‘lipA vs. bla’ represents the 
factor of lipA induction as transcript abundance of the plasmid-encoded target gene lipA in relation to 
the plasmid-encoded reference gene bla. Cultivation conditions: 37 °C, 250 mL flasks, filling volume 
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10 mL, shaking frequency 350 rpm, shaking diameter 50 mm (in conventional flasks); 37 °C, 48-well 
Flowerplate, filling volume 1 mL, shaking frequency 1000 rpm, shaking diameter 3 mm (in 
BioLector). 
 
These results indicate strong differences between Type A and Type B clones. The plasmid 
copy number and, in consequence, mRNA level and product formation are clearly elevated for 
Type A clones. These variations probably result from the different biomass of Type A and 
Type B clones at the beginning of the protein production phase (III, Figure 5.4). At this time 
point of cultivation, the biomass is higher for Type A than for Type B clones. The subsequent 
induction of gene expression results in excessive plasmid replication and, consequently, in an 
increase in plasmid copy number as previously described in literature [Grabherr et al. 2002] 
as well as observed in Chapter 4 and this chapter. This greatly contributes to the host cell 
metabolic burden [Carrier et al. 1998; Baneyx 1999; Grabherr et al. 2002; Palomares et al. 
2004]. As a result, the metabolic activity is strongly impaired during the phase of gene 
expression (III) indicated by the decelerated increase in biomass (scattered light intensity) and 
optical density, as well as the constant or decreasing OTR within the induction phase (III, 
Figure 5.4). Due to the higher plasmid copy number of Type A clones, the host cell 
metabolism is even more burdened, resulting in lower final biomasses (scattered light 
intensities) and only slight OTR increases at the end of the cultivation.  
In this thesis, also a possible relation between the plasmid copy number and the lactose 
consumption was investigated (Appendix 25). Due to the great excess of lactose, the 
percentage of allolactose molecules bound to the plasmid-encoded lac repressor is by far 
smaller than 1 % for both, Type A and Type B clones. Hence, the differences in plasmid copy 
number do not directly lead to the diverse lactose consumption patterns. 
In addition to the mRNA content also its secondary structure can affect recombinant protein 
production since it may influence the translation elongation rate. Whereas strong secondary 
structures containing mRNA hairpins lead to slower translation, faster translation is possible 
for mRNA molecules with weaker secondary structures [Gorochowski et al. 2015]. Here, no 
change in secondary structure is expected since only a single codon within the target gene was 
replaced by a synonymous one. Nevertheless, in future, the lipA gene expression should be 
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analyzed using a dynamic model of prokaryotic gene expression referring to gene sequence 
information (Chapter 6). Therewith, the impact of small modifications in the lipA gene 
sequence on the dynamics of expression rates could mechanistically be assessed and 
sequence-related effects on the stages of mRNA synthesis, mRNA degradation and ribosomal 
translation could be taken into account [Arnold et al. 2005].  
Here, not only differences on mRNA and protein level between Type A and Type B were 
observed, but also differences in plasmid copy number. Thus, in addition to transcription and 
translation also plasmid replication should be further evaluated in future. Furthermore, the 
molecular rationales for the differences in biomass at the beginning of the induction phase 
that probably lead to the observed differences in plasmid copy number are of major interest 
and require further analysis (Chapter 6). 
 
5.7 Conclusion 
In this chapter, the influence of particular silent codon exchanges in a heterologous lipA gene 
encoding the Bacillus subtilis lipase A on metabolic activity and recombinant protein 
production of E. coli BL21(DE3) was investigated. Therefore, E. coli clones differing in 
synonymous arginine or leucine codons as well as clones containing the amino acid 
exchanges S56P, D91R, G93Y, S167P, K170E, and G175F each encoded by different 
synonymous codons were compared during cultivation under inducing conditions. These 
smallest possible variations in the heterologous gene led to significant and highly 
reproducible differences in respiration activity, biomass and protein production. According to 
their respiration behavior the clones could be classified into two groups, Type A and Type B, 
respectively. Whereby the group of Type A clones indicated higher product formation, Type 
B clones were identified as clones with stronger biomass formation. The clones were further 
analyzed for potential factors affecting the observed differences. Intracellular nucleobases and 
codon usage neither showed any impact on both groups nor did they cause the differences 
between Type A and Type B clones. However, Type B clones exhibited a reduced initial 
growth resulting in a lower biomass concentration at the time of induction. Consequently, 
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plasmid copy numbers and expression levels remained lower compared to Type A clones, and 
the kinetics of the carbon source (lactose and glycerol) consumption changed. Since these 
phenomena were observed for all investigated clones, our findings do not depend on the 
specific encoded amino acid or its position and, thus, are of general nature.  
A silent codon exchange within the lipA gene represents the only difference between the 
clones investigated here. Thus, all phenomenological differences can be attributed to these 
small differences. In conclusion, this chapter demonstrates that a particular silent codon 
exchange in a heterologous gene tremendously affects host cell metabolism and recombinant 
protein production during cultivation under inducing conditions. Although the rationales and 
molecular mechanisms responsible for the observed effects are not yet understood, these 
findings are highly significant for codon optimization of heterologous genes, screening 
procedures for improved variants, and biotechnological protein production processes. 
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Chapter 6 
6Conclusion and Outlook 
The aim of this thesis was to systematically asses the inhomogeneity of screening cultures, to 
analyze possible reasons for the observed differences, as well as to deeper characterize 
recombinant protein production in Escherichia coli and its influence on host cell metabolic 
activity. Therefore, seven T7-based E. coli host strains were compared during recombinant 
production of the lipase A from Bacillus subtilis (BSLA). Additionally, E. coli BL21(DE3) 
clones containing small differences within the lipA gene encoding the BSLA target enzyme 
were analyzed regarding their influence on the host cell metabolic activity. 
First, it could be shown that online measurement of the respiration activity using the 
Respiration Activity MOnitoring System (RAMOS) allowed a simple estimation of the 
recombinant protein production without laborious offline protein determination, as well as a 
first identification of suitable T7-based E. coli host strains. In mineral cultivation media, a 
qualitative as well as a quantitative correlation between respiration activity and protein 
production could be verified for the investigated E. coli host strains under IPTG- as well as 
under autoinduction. Here, E. coli BL21(DE3) was found to be an appropriate host strain for 
the BSLA production using a mineral autoinduction medium.  
The influence of smallest differences within a heterologous gene on recombinant protein 
production and host cell metabolic activity was assessed to gain a better understanding of the 
inhomogeneity of screening cultures. Small modifications within the lipA gene resulting in 
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single amino acid exchanges within the produced model protein BSLA or even particular 
silent codon exchanges within the heterologous gene led to strong, highly reproducible 
differences in respiration activity, biomass formation, and target protein production. A 
quantitative evaluation of the respiration activity allowed a classification of all investigated 
clones into two types named Type A and Type B. Thereby, clones from Type A tended to 
higher product formation, whereas Type B clones observed higher biomasses. With respect to 
the respiration activity, five characteristic cultivation phases could be identified, providing 
information about the time points of the depletion of the different carbon sources as well as 
about biomass and product formation. 
To gain deeper insights into the observed phenomenological differences a large number of 
potential factors causing the observed two patterns of respiration behavior was assessed. The 
codon usage and the availability of intracellular nucleobases, as well as metabolic costs for 
the amino acid biosynthesis, enzyme activity, the formation of inclusion bodies, and the ratio 
of insoluble to soluble protein neither showed any impact on heterologous gene expression 
and protein production nor did they cause the differences observed between Type A and Type 
B clones. However, the small differences in the heterologous gene led to a reduced initial 
growth of Type B clones resulting in a lower biomass concentration at the time of induction. 
As consequence, plasmid copy number and expression level remained lower compared to 
Type A clones, and the consumption pattern of the carbon sources lactose and glycerol 
changed. All those phenomenological effects can be attributed to the investigated small 
differences in the heterologous lipA gene.  
Even though the underlying molecular mechanisms are not yet identified, the astonishing 
phenomenon was observed that small differences within a heterologous gene leading to single 
amino acid or silent codon exchanges tremendously affect the host cell metabolism and the 
recombinant protein production of E. coli. This phenomenon has never been described in 
literature before and, thus, it presents important new aspects in the field of recombinant 
protein production. These new insights are quite surprising since E. coli is the best-
characterized prokaryotic expression host. Hence, the results observed in this thesis open a 
broad range of further possible investigations on the characterization of the heterologous gene 
expression in E. coli. The observed phenomenon could have enormous impact on the codon 
optimization of heterologous genes, screening procedures for improved variants, and 
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biotechnological protein production processes. Therefore, in future, several further 
investigations by means of molecular biological analyses, extended investigations on further 
screening cultures as well as biochemical engineering approaches to deal with the observed 
inhomogeneity are required.  
To better understand the phenomenon detected here, it is of great importance to further 
analyze the molecular rationales behind the differences in initial growth, plasmid copy 
number, expression level, the kinetics of lactose and glycerol consumption, as well as the 
respiration activity of the investigated clones. In general, the tRNA plays a central role in the 
translational machinery where it interacts with several proteins and other RNA molecules 
during the course of protein synthesis [Alexander et al. 2010]. Thus, a limitation in the 
abundance of a certain tRNA can result in a reduced elongation speed at a single codon. 
Furthermore, changes in the tRNA concentration were found to compromise the solubility of 
some proteins and to alter the protein folding capacity [Fedyunin et al. 2012]. Therefore, it 
would be of great interest to determine the availability of loaded tRNAs during the entire 
cultivation process and to evaluate its possible influence on BSLA synthesis.  
Another factor influencing the translation elongation rate and thereby recombinant protein 
production is the mRNA secondary structure. Hence, a dynamic model of the prokaryotic 
gene expression referring to gene sequence information could be applied to systematically 
investigate the influence of small modifications within a heterologous gene on the dynamics 
of the expression rate. Thereby, sequence-related effects on the stages of mRNA synthesis, 
mRNA degradation and ribosomal translation could be calculated [Arnold et al. 2005] and 
could probably give further insights into the phenomenon observed in this thesis.  
The analysis of both, the tRNA abundance and the mRNA secondary structure could be 
beneficial since a synergistic link was found between both factors influencing the translation. 
A relationship in opposite manner between tRNA abundance and mRNA secondary structure 
on the speed of translation elongation was determined [Gorochowski et al. 2015] and 
probably affects the lipA translation process. 
Since not only differences on mRNA and protein level between Type A and Type B group 
were observed, but also differences in the plasmid copy numbers, the plasmid replication 
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should be an additional starting point for further investigations. The copy number of a 
plasmid is depending on the origin of replication that regulates the replication mechanism. It 
has an essential impact on the plasmid stability, i.e. the maintenance of the plasmid within the 
cells during cell division, as well as on the productivity and the rate of product accumulation 
[Fahnert et al. 2004]. Furthermore, the plasmid copy number regulates the growth rate. High 
copy numbers burden the host’s metabolism resulting in a decreasing growth, thus possibly 
allowing for cells with few plasmids to dominate the culture due to their faster growth. Since 
a correlation between plasmid copy number, growth and respiration was also observed in this 
thesis, a deeper analysis of the plasmid replication mechanism might give further information 
about the molecular background.  
A relation between the plasmid copy number and the lactose consumption pattern was not 
identified (Appendix 25). Therefore, in future, a systematic analysis of up- and down-
regulated genes in the metabolic pathways of the investigated clones could help understand 
the underlying differences in the kinetics of lactose and glycerol consumption among the two 
groups. 
Besides all analyses suggested above, it is of great importance to uncover the metabolic 
processes during the phase defined here as cultivation phase (II) in which the metabolism 
gradually switches from only glycerol to mixed glycerol/lactose consumption. The growth 
during this phase is quite different between Type A and Type B group. As consequence, the 
biomass concentration at the time of induction strongly varies and probably leads to the 
aforementioned differences in plasmid copy numbers, as well as mRNA and protein levels. 
An analysis of the metabolic pathway could give deeper insights into the differences observed 
between Type A and Type B clones.  
In addition to the suggested molecular biological analyses, expanding the investigations on 
further screening cultures would help to better understand underlying mechanism as well as to 
evaluate the universal validity of the phenomena observed here. Thereby, changing the 
heterologous gene using an identical expression system (identical host strain and expression 
vector) is essential. Therewith, it could be determined if the observed phenomenon is lipA 
specific or of general nature. A heterologous gene encoding a soluble target protein or a 
protein with different properties regarding size, structure or catalytic activity could be chosen. 
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Introducing small differences in the heterologous gene sequence would answer the question 
whether under identical cultivation conditions the same patterns in respiration activity could 
be observed.  
Using different E. coli or other bacterial host strains for recombinant protein production and 
changing the expression system are further options to expand the investigations on the 
influence of recombinant protein production on the host cell metabolic activity. Also changing 
from prokaryotic to eukaryotic expression systems would be of great interest in future. 
Therewith, also proteins could be taken into account, which need posttranslational 
modifications for gaining full functionality that are of special importance in the field of 
pharmaceutical biotechnology. 
The molecular biological analyses as well as the extended investigations on the 
inhomogeneity of screening cultures aim to understand the underlying molecular mechanisms 
and to identify the universal validity of the observed phenomenon. Since screening cultures 
are not progressing in parallel manner the loss of many promising variants is most likely. 
Biochemical engineering approaches can offer prospects how to handle the inhomogeneity, 
how to optimize screening protocols in future and, thereby, how to enable fair screening 
conditions.  
One starting point is the choice of the cultivation medium. By selecting a medium enabling 
only low recombinant protein production, differences among the investigated clones could be 
reduced. A low level production would lead to a reduced or even no metabolic burden on the 
host organism and, therefore, allow for unaffected growth and respiration. Thus, the 
differences in metabolic activity observed in this thesis could be predominantly prevented.  
The metabolic burden as a result of recombinant protein production can lead to a decrease in 
protein yield. Excessive plasmid replication observed after the induction of recombinant gene 
expression greatly contributes to the metabolic overload of the host cell [Grabherr et al. 
2002]. By either choosing a low copy plasmid or by stabilizing the plasmid copy number over 
the whole cultivation time the metabolic burden could be reduced. Therewith, phases of 
metabolic activity and productivity of the bacterial expression system could be prolonged. 
One method to stabilize the plasmid copy number works by abolishing sequence homologies 
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between certain RNA molecules [Grabherr et al. 2002]. Hence, the plasmid's replication 
control mechanisms could be restored and the plasmid copy number could be kept constant 
throughout the whole cultivation process.  
Both, the choice of low-production cultivation medium as well as stabilizing the plasmid copy 
number can lead to a reduced metabolic burden and, in consequence, to minor or even no 
differences in metabolic activity of the investigated clones.  
A way to direct the use of the available resources from growth towards protein production is 
the introduction of a secondary substrate limitation whereby the limited compound should not 
be essential for protein production. This concept allows to control growth and carbon flux 
and, thus, can be exploited to significantly increase the protein production [Huber et al. 2011]. 
Using this method, the metabolic activity of clones responding quite differently upon 
induction in terms of growth versus product formation could be standardized and, therefore, a 
fair comparison could be possible. 
Another way to equalize the metabolic activity of clones investigated in a screening culture 
could be to modify the applied autoinduction medium. By adapting the carbon source 
concentrations, the respiration activity of the clones categorized into one group could 
probably be transferred into another type of respiration behavior. The increase in glucose 
concentration would lead to a prolongation of the initial growth phase. Therefore, higher 
biomass concentrations could be built up before the induction of the heterologous gene 
expression is initiated. By changing the lactose concentration the phase of protein production 
would be varied. The alteration of the glycerol concentration would determine the length of 
the cultivation.  
Not only the reaction of a certain clone upon induction could be changed but also the 
suitability of a certain E. coli host strain for recombinant protein production could be 
improved by varying the carbon source concentration of the mineral autoinduction medium. 
In a preliminary experiment, the respiration activity of the host strain E. coli HMS174(DE3) 
could be dramatically changed by the addition of various concentrations of glucose to the 
autoinduction medium (Figure 6.1).  
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Figure 6.1. Variation of glucose concentration during cultivation of E. coli HMS174(DE3) in 
mineral Wilms-MOPS autoinduction medium 
Oxygen transfer rate as function of time for E. coli HMS174(DE3) producing BSLA during cultivation 
in Wilms-MOPS autoinduction medium (0.5 g/L glucose, 2 g/L lactose, 5 g/L glycerol) with variation 
of glucose concentration: +0 g/L, +1.5 g/L, +2.0 g/L, +3.0 g/L. Cultivation conditions: 37 °C, 250 mL 
flasks, filling volume 10 mL, shaking frequency 350 rpm, and shaking diameter 50 mm. 
 
To enhance the suitability of a certain host strain for recombinant protein production as well 
as to transfer a specific clone from one type of respiration behavior into another is most 
probably possible by adapting the composition of the applied autoinduction medium. 
Optimizing a screening procedure and thereby improving the comparability of investigated 
cultures by modifying the medium composition is a bit more ambitious. An identical change 
in medium composition would lead to roughly identical differences between the investigated 
clones. Therefore, for each specific clone an individual induction profile, and thereby an 
individual composition of the autoinduction medium is required. A possible way to realize 
this individual treatment could be the development an automated robotic procedure, e.g. using 
the RoboLector device which is a combination of the online monitoring BioLector device and 
a pipetting robot [Huber et al. 2009a]. Thereby, the progress of each individual clone could be 
followed during the entire cultivation and depending on the online measuring signals (e.g. 
scattered light intensity or dissolved oxygen tension) the automatic addition of certain 
medium compounds (e.g. glucose or lactose) could be realized.  
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All presented biochemical engineering approaches describe methods how to handle the 
inhomogeneity of screening cultures observed in this thesis. Thereby, these approaches cannot 
declare the underlying molecular mechanism and, therefore, do not replace but complement 
the molecular biological analyses.  
In this thesis, it could be clearly presented that despite using the best-characterized 
prokaryotic expression host E. coli, the metabolic processes during heterologous gene 
expression are still not fully elucidated and by far more complex than assumed. The detailed 
analysis of numerous different cultivation parameters in this work gave deep insights into the 
complexity during recombinant protein production processes. The application of two online 
monitoring devices enabled to reveal a quite astonishing phenomenon. For the first time the 
tremendous influence of smallest differences in the expressed heterologous gene on the 
metabolic activity of host strain Escherichia coli could be uncovered. 
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Appendix 
Addition to Chapter 3 
 
 
Appendix 1. Cultivation of E. coli HMS174(DE3) producing BSLA during cultivation in three 
Wilms-MOPS mineral media 
Oxygen transfer rate (OTR) as a function of time for E. coli HMS174(DE3) producing BSLA during 
the cultivation in Wilms-MOPS medium (WM, open symbols), Wilms-MOPS medium with IPTG 
induction (WM+IPTG, half-open symbols), and Wilms-MOPS autoinduction medium (WM+Lac, 
closed symbols). Cultivation conditions: 37 °C, 250 mL flasks, filling volume 10 mL, shaking 
frequency 350 rpm, and shaking diameter 50 mm. 
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Appendix 2. Comparison of seven different E. coli host strains producing HBD during 
cultivation in two Wilms-MOPS mineral media 
Oxygen transfer rate (OTR) as a function of time for the seven E. coli strains (A) BL21(DE3), (B) 
C41(DE3), (C) Rosetta(DE3), (D) HMS174(DE3), (E) Tuner(DE3), (F) ER2566, and (G) 
JM109(DE3) producing HBD during the cultivation in Wilms-MOPS medium (WM, open symbols) 
and Wilms-MOPS autoinduction medium (WM+Lac, closed symbols). Cultivation conditions: 37 °C, 
250 mL flasks, filling volume 10 mL, shaking frequency 350 rpm, and shaking diameter 50 mm. 
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Appendix 3. SDS-PAGE analysis showing soluble and insoluble protein fractions 
SDS-PAGE analysis showing soluble (S) and insoluble (I) protein fractions for four different E. coli 
host strains: BL21(DE3), Rosetta(DE3), HMS174(DE3), and C41(DE3). (A) BSLA and (B) HBD 
production in mineral Wilms-MOPS autoinduction medium. The protein marker (M) specifies the 
protein size in kDa. The molecular weight of the BSLA target protein construct is 35 kDa, the 
molecular weight of the HBD is 32 kDa. Samples were taken after 5 h of cultivation for the strains 
BL21(DE3), Rosetta(DE3), and C41(DE3), and after 15 h of cultivation for the strain HMS174(DE3). 
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Appendix 4. Detailed characterization of four different E. coli host strains producing HBD 
during cultivation in mineral Wilms-MOPS autoinduction medium 
Online and offline analysis of four E. coli strains BL21(DE3), C41(DE3), Rosetta(DE3), and 
HMS174(DE3) producing HBD during the cultivation in mineral Wilms-MOPS autoinduction 
medium. (A) Oxygen transfer rate (OTR), (B) optical density (OD600), (C) volumetric HBD activity, 
(D) protein content of the target protein per total protein of the cell (Prec/Ptot), (E) glycerol 
concentration, (F) lactose concentration, and (G) pH-value as function of time. Cultivation conditions: 
37 °C, 250 mL flasks, filling volume 10 mL, shaking frequency 350 rpm, and shaking diameter 
50 mm. 
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Appendix 5. HBD production in the respective E. coli host strains in mineral Wilms-MOPS 
autoinduction medium 
Criteria 
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lactose inducible (a)  + + + + - - - 
visible metabolic burden in 
OTR profile  + - + + - - - 
max. Prec/Ptot  [%] 49.6 8.8 36.5 48.3 0 0 0 
∆OTRmax (b) [mmol/L/h] 41±1 15±8 20±2 n.d.(c) 7±3 11±3 4±3 
(a) according to literature 
(b) difference in OTRmax between inducing and non-inducing cultivation conditions 
(c) n.d.: not determined; cultivation was terminated before reaching the maximum OTR under inducing conditions 
(according to Appendix 4) 
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Appendix 6. Difference between maximum OTR values from non-inducing and inducing 
cultivations  
(A) Cultivation of Tuner(DE3) in non-inducing Wilms-MOPS (WM) and Wilms-MOPS autoinduction 
medium (WM+Lac). (B) Cultivation of BL21(DE3) in non-inducing Wilms-MOPS (WM) and Wilms-
MOPS autoinduction medium (WM+Lac). ∆OTR describes the difference between the maximum 
OTR values from non-inducing and inducing cultivations, ∆t, reflects the time difference 
between the maximum OTR values, and d the deviation between both maximum values calculated as 
 = 	(∆OTR) + (∆t,)).  
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Appendix 7. Correlation between maximum target protein content and difference between 
maximum OTR values from non-inducing and inducing cultivations  
Maximum target protein content as function of the difference between the maximum OTR values from 
non-inducing and inducing cultivations (∆OTR; according to Figure 3.4, Appendix 6). The 
determined ∆OTR values are depicted for the cultivations under autoinduction (WM+Lac) and 
IPTG induction (WM+IPTG). Calculated regression line (R2 = 0.92) is based on exemplary 
cultivations with either BSLA or HBD production.  
 
 
Appendix 8. Correlation between maximum target protein content and time difference between 
maximum OTR values from non-inducing and inducing cultivations 
Maximum target protein content as function of the time difference between the maximum OTR values 
from non-inducing and inducing cultivations (∆t,; according to Appendix 6). The determined 
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values are depicted for the cultivations under autoinduction (WM+Lac) and IPTG induction 
(WM+IPTG). Calculated regression line (R2 = 0.87) is based on exemplary cultivations with either 
BSLA or HBD production.  
 
 
 
Appendix 9. Correlation between maximum target protein content and the quotient of time 
difference between maximum OTR values from non-inducing and inducing cultivations and the 
time point of the maximum OTR value from the non-inducing cultivation 
Maximum target protein content as function of the time difference between the maximum OTR values 
from non-inducing and inducing cultivations; ∆t, t,,. ; according to Appendix 6. 
The determined values are depicted for the cultivations under autoinduction (WM+Lac) and IPTG 
induction (WM+IPTG). Calculated regression line (R2 = 0.84) is based on exemplary exemplary 
cultivations with either BSLA or HBD production.  
 
Appendix  XXV 
  
 
 
Appendix 10. Correlation between maximum target protein content and deviation of maximum 
values from non-inducing and inducing cultivations 
Maximum target protein content as function of the deviation d between the maximum OTR values 
from non-inducing and inducing cultivations;  = 	(∆OTR) + (∆t,), according to 
Appendix 6). The determined values are depicted for the cultivations under autoinduction (WM+Lac) 
and IPTG induction (WM+IPTG). Calculated regression line (R2 = 0.93) is based on exemplary 
cultivations with either BSLA or HBD production.  
 
  
XXVI  Appendix 
 
 
Addition to Chapter 4 
 
 
Appendix 11. Cultivation of E. coli BL21(DE3) without plasmid under non-inducing and 
inducing conditions 
Oxygen transfer rate (OTR) as a function of time obtained from four independent replicate 
experiments for: (A) first preculture performed in complex TB medium, (B) second preculture 
performed in Wilms-MOPS mineral medium, and (C) main culture performed in Wilms-MOPS 
mineral autoinduction medium. Cultivation conditions: 37 °C, 250 mL flasks, filling volume 10 mL, 
shaking frequency 350 rpm, and shaking diameter 50 mm. 
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Appendix 12. Cultivations of 15 E. coli BL21(DE3) clones in complex autoinduction medium 
producing fusion tags, wild type BSLA, or different BSLA variants 
Oxygen transfer rate (OTR) as a function of time for 15 E. coli BL21(DE3) clones (1-8: top, 9-15: 
bottom) in complex autoinduction medium (commercial Overnight Express Instant TB medium, 
Novagen, Merck, Germany). Cultivation conditions: 37 °C, 250 mL flasks, filling volume 10 mL, 
shaking frequency 350 rpm, and shaking diameter 50 mm. 
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Appendix 13. Respiration activity of E. coli BL21(DE3) clones containing different amino acid 
exchanges of the wild type amino acid Gly46 during cultivation under inducing conditions 
Oxygen transfer rate as function of time for eight E. coli BL21(DE3) clones containing different 
amino acid exchanges of the wild type amino acid Gly46 during cultivation in mineral Wilms-MOPS 
autoinduction medium containing 5 g/L glycerol, 0.5 g/L glucose and 2 g/L lactose. Cultivation 
conditions: 37 °C, 250 mL flasks, filling volume 10 mL, shaking frequency 350 rpm, and shaking 
diameter 50 mm. 
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Appendix 14. Reproducibility of biomass formation of 15 E. coli BL21(DE3) clones under 
inducing conditions producing fusion tags, wild type BSLA, or different BSLA variants 
Biomass (scattered light) as function of time obtained from 2-6 independent replicate experiments 
performed in Wilms-MOPS mineral autoinduction medium containing 0.5 g/L glucose, 2 g/L lactose 
and 5 g/L glycerol. The measured data is presented as dots, the arithmetic mean as line, and the 
standard deviation as colored area around the arithmetic mean. Type A clones are presented with white 
background, Type B clones with grey background. Cultivation conditions: 37 °C, 48-well Flowerplate, 
filling volume 1 mL, shaking frequency 1500 rpm, shaking diameter 3 mm. 
 
XXX  Appendix 
 
 
 
 
Appendix 15. Reproducibility of product formation of 15 E. coli BL21(DE3) clones under 
inducing conditions producing fusion tags, wild type BSLA, or different BSLA variants 
Product (fluorescence) as function of time obtained from 2-6 independent replicate experiments 
performed in Wilms-MOPS mineral autoinduction medium containing 0.5 g/L glucose, 2 g/L lactose 
and 5 g/L glycerol. A reference from 3 independent replicate experiments performed in non-inducing 
Wilms-MOPS mineral medium containing 0.5 g/L glucose and 5 g/L glycerol is presented for the 
clone producing the wild type enzyme. The measured data is presented as dots, the arithmetic mean as 
line, and the standard deviation as colored area around the arithmetic mean. Type A clones are 
presented with white background, Type B clones with grey background. Cultivation conditions: 37 °C, 
48-well Flowerplate, filling volume 1 mL, shaking frequency 1500 rpm, shaking diameter 3 mm. 
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Appendix 16. Detailed characterization of two E. coli BL21(DE3) clones belonging to respiration 
behavior Type B cultivated under inducing conditions 
Characteristic growth parameters (oxygen transfer rate, biomass formation, product formation, and 
carbon source concentrations) of two E. coli BL21(DE3) clones belonging to respiration behavior 
Type B (BSLA variants I12C and F17P) during the cultivation in Wilms-MOPS mineral autoinduction 
medium. The five cultivation phases (I-V) are specified in Figure 7. Cultivation conditions: 37 °C, 250 
mL flasks, filling volume 10 mL, shaking frequency 350 rpm, shaking diameter 50 mm (in RAMOS); 
37 °C, 48-well Flowerplate, filling volume 1 mL, shaking frequency 1500 rpm, shaking diameter 3 
mm (in BioLector).  
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Appendix 17. Final product as function of X/Y ratio 
The final product (fluorescence signal) as function of the calculated X/Y ratio for all investigated 
clones (according to Figure 4.3 and Table 4.1). Type B clones (X/Y < 1.2, grey background) tend to 
lower product formation, whereas Type A clones (X/Y > 1.2, white background) tend to higher 
product formation.  
 
Appendix 18. Final product as function of the OTR value determined at the first OTR peak 
The final product (fluorescence signal) as function of the OTR value determined at the first OTR peak 
(according to insert). Type B clones observe lower final product (fluorescence signals) and lower OTR 
values, whereas Type A clones show higher final product (fluorescence signals) and mostly higher 
OTR values at the first OTR peak.  
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Appendix 19. Final product as function of duration of the induction phase 
The final product (fluorescence signal) as function of the duration of the induction phase ∆ tx 
(according to insert). Calculated regression line (R2 = 0.57) is based on all cultivations with BSLA 
production in mineral Wilms-MOPS autoinduction medium. 
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Addition to Chapter 5 
 
 
Appendix 20. Quantitative classification of E. coli BL21(DE3) clones according to respiration 
behavior 
Respiration behavior (oxygen transfer rate, determined using a RAMOS device) as function of time 
for one example each for a Type A and Type B clone. As already presented in Chapter 4, integral X 
represents protein production phase, whereas integral Y represents the subsequent growth phase on 
glycerol. X/Y > 1.2 categorizes Type A clones, X/Y < 1.2 Type B clones. Calculated X/Y ratios for all 
investigated clones are given in Table 1. Cultivation conditions: 37 °C, 250 mL flasks, filling volume 
10 mL, shaking frequency 350 rpm, shaking diameter 50 mm (in RAMOS). 
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Appendix 21. Respiration activity of E. coli BL21(DE3) clones containing amino acid exchanges 
with synonymous codons grown under inducing conditions 
Respiration behavior (oxygen transfer rate) as function of time for clones containing amino acid 
exchanges with synonymous codons during cultivation in Wilms-MOPS mineral autoinduction 
medium containing 0.5 g/L glucose, 5 g/L glycerol, 2 g/L lactose. Clones S56P, S167P, and G175F 
can be categorized into Type A independent from codon, clones K170E into Type B. Clones D91R 
and G93Y are categorized into Type A (D91R-CGC, G93Y-TAT) or Type B (D91R-CGT, G93Y-
TAC) according to the respective synonymous codon. All cultivation experiments were performed at 
least in duplicates. Cultivation conditions: 37 °C, 250 mL flasks, filling volume 10 mL, shaking 
frequency 350 rpm, shaking diameter 50 mm (in RAMOS). 
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Appendix 22. Analyzed compounds using PFPP chromatography and ion-pair chromatography 
Compounds analyzed using PFPP chromatography1 and ion-pair chromatography2. Compounds 
highlighted with grey background are presented in Figure 5.3.  
Compound1 Compound1 Compound2 Compound2 Compound2 Compound2 
Camphor-
sulfonic acid Thymidine Arginine Phenylalanine F1P 
6-Phospho-
gluconate 
Adenine Thymine Histidine Thymidine MEP Oxalacetate 
Adenosine Tryptophan 4-Amino-butyrate 
Amino adipic 
acid Pyruvate Isocitrate 
Alanine Tyrosine Serine Shikimate DHAP RuBP 
Arginine Uracil Asparagine Glycerate UMP SBP 
Asparagine Uridine Alanine Glycolate GMP NADH 
Aspartic acid Valine Ornithine Ascorbate TMP Phosphoenol-pyruvate 
β-Alanine Xanthine Inositol Glyoxylate AMP ADP 
Cysteine  Glutamine G6P Nicotinate FMN 
Cystine  Lysine Disaccharide-P Pantothenate HMBPP 
Cytidine  Threonine Succinicsemi-
aldehyde Succinate FAD 
Cytosine  Hydroxy-proline R5P cAMP CTP 
Deoxy-
adenosine  Cysteine Pyroglutamate Glutathione GTP 
Deoxycytidine  Hexose Tryptophan Malate BPG 
Deoxy-
guanosine  
2-Amino-
butyrate S7P XMP PRPP 
Glutamate  Disaccharide Lactate Acetyl-phosphate UTP 
Glycine  D-Glucono-1,5-lactone Guanosine GDP NADPH 
Guanosine  Proline F6P 2-Oxoglutarate Camphor-
sulfonic acid 
Histidine  Valine G1P UDP-Glc ATP 
Hypoxanthine  Cytidine α-Glycero-phosphate CDP PQQ 
Isoleucine  Methionine GAP Fumarate CoA 
Leucine  Guanine Thiamine pyrophosphate 3PGA 
Acetoacetyl 
CoA 
Lysine  Leucine Orotate ADP-Glc 3HB CoA 
Methionine  Tyrosine E4P UDP Succinyl CoA 
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Methionine 
sulfone  Isoleucine NAD KDPG Acetyl CoA 
Phenylalanine  Uridine Ru5P NADP Malonyl CoA 
Proline  Thymine β-Glycero-phosphate ADP-Rib HMG CoA 
Serine  Glutamate CMP Citrate Crotonyl CoA 
Threonine  Inosine Aspartate FBP Butyryl CoA 
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Appendix 23. Cultivation parameters of eight E. coli BL21(DE3) clones grown under inducing 
conditions  
Characterization of (A) four E. coli BL21(DE3) clones varying in Arg107 codon and (B) four clones 
varying in Leu143 codon, belonging to respiration behavior Type A (Arg107-AGA, -AGG, -CGA, and 
Leu143-CTC, -CTT, -TTA (WT); white background) or respiration behavior Type B (Arg107-CGC, 
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Leu143-CTA; grey background) during the cultivation in Wilms-MOPS mineral autoinduction 
medium containing 0.5 g/L glucose, 5 g/L glycerol and 2 g/L lactose. Cultivation parameters: oxygen 
transfer rate (OTR, determined using a RAMOS device), biomass (scattered light), product 
(fluorescence), dissolved oxygen tension (DOT, all determined using a BioLector device), carbon 
source concentrations, optical density (OD), pH-value, and protein content of the target protein per 
total protein of the cell (all determined from parallel experiments in conventional shake flasks). The 
red and orange dotted lines represent the expected depletion of glycerol and lactose, respectively, 
based on the OTR profile. The vertical grey dotted lines separate the five cultivation phases (I-V) 
identified by the OTR curves (Chapter 4). Cultivation conditions: 37 °C, 250 mL flasks, filling volume 
10 mL, shaking frequency 350 rpm, shaking diameter 50 mm (in RAMOS and conventional flasks); 
37 °C, 48-well Flowerplate, filling volume 1 mL, shaking frequency 1000 rpm, shaking diameter 
3 mm (in BioLector). 
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Appendix 24. Product formation and sum of relative transcript abundances of four E. coli 
BL21(DE3) clones grown under inducing conditions 
Product formation (determined using a BioLector device) and sum of relative transcript abundances 
(determined from conventional shake flasks) as function of time for four E. coli BL21(DE3) clones 
belonging to respiration behavior Type A (Leu143-CTT, -TTG; white background) and respiration 
behavior Type B (Leu143-CTA, -CTG; grey background) during cultivation in Wilms-MOPS mineral 
autoinduction medium containing 0.5 g/L glucose, 5 g/L glycerol, 2 g/L lactose. ‘lipA vs. cysG’ 
represents the sum of the relative transcript abundance of the plasmid-encoded target gene lipA 
(encoding Bacillus subtilis lipase A) in relation to the genome-encoded reference gene cysG (encoding 
uroporphyrin III C-methyltransferase). ‘bla vs. cysG’ represents the relative plasmid copy number as 
the sum of the relative transcript abundance plasmid-encoded reference gene bla (encoding beta-
lactamase) in relation to the genome-encoded reference gene cysG. ‘lipA vs. bla’ represents the factor 
of lipA induction as transcript abundance of the plasmid-encoded target gene lipA in relation to the 
plasmid-encoded reference gene bla. Cultivation conditions: 37 °C, 250 mL flasks, filling volume 10 
mL, shaking frequency 350 rpm, shaking diameter 50 mm (in conventional flasks); 37 °C, 48-well 
Flowerplate, filling volume 1 mL, shaking frequency 1000 rpm, shaking diameter 3 mm (in 
BioLector). 
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Appendix 25. Calculation of allolactose molecules adsorbed to plasmids 
 
(1) At the end of the protein production phase (III), the optical density of the culture is 
roughly 4.  
This is equivalent to a number of 3.2 ∙ 10" E. coli cells per mL culture broth. 
 
(2) The maximum plasmid copy number per cell (for Type A clones) is roughly 200 (taken 
from Chapter 4).  
This results in a number of 6.4 ∙ 10%% plasmids per mL culture broth.  
 
(3) The lactose concentration in the applied mineral autoinduction medium was set at 2 g/L. 
The molecular weight of lactose is 342 g/mol, the Avogadro constant is defined as 
6.022 ∙ 10& molecules per mol.  
This results in a number of 3.52 ∙ 10%( lactose molecules per mL.  
 
(4) 50 % of lactose are hydrolyzed into galactose and glucose, 50 % of lactose are 
converted into allolactose [Huber et al. 1976; Juers et al. 2012]. 
This results in a number of 1.76 ∙ 10%( allolactose molecules per mL.  
 
(5) Relating the number of allolactose molecules (4) to the number of available plasmids 
(2), a number of 2.75 ∙ 10* molecules allolactose results per plasmid.  
This is equivalent to a percentage of 3.63 ∙ 10+ % allolactose molecules adsorbed by 
plasmids.  
 
Since this percentage is by far smaller than 1 %, a direct correlation between the 
plasmid copy number and the consumption pattern of lactose is excluded.  
 
